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CHAPTER I 
INTRODUCTION 
1. GENERAL INTRODUCTION AND SUMMARY 
Infrared spectroscopy is mainly concerned with the internal structure of 
molecules, radicals and ions, which is determined from their specific rovibra-
tional transition frequencies. Infrared absorption lines have a linewidth which 
at low pressures is limited by Doppler broadening, reflecting the random ther-
mal motion of molecules. With a modern Fourier Transform Interferometer (FTI) 
Doppler limited spectra are obtained with high speed and accuracy. The econom-
ic use of infrared laser spectroscopy is therefore limited to cases that cannot be 
treated with an FTI , i.e. sub-Doppler spectroscopy (for instance via saturation 
spectroscopy [1] or two photon Doppler free spectroscopy [2]) and spectrosco-
py of weak absorptions or special particles, such as radicals, ions and clusters. 
The color center laser has been employed by Pfeiffer et al [3] for spectroscopy 
of radicals and by Gudemann et al [4] for spectroscopy of ions using magnetic 
rotation spectroscopy and velocity modulation, respectively. In the wavelength 
region of color center lasers (tunable from 2.3 to 3.4 vm) a number of weak v ib-
rational overtone and combination bands are awaiting high resolution spectros-
copy. For this purpose a very sensitive multi-pass transverse photo-acoustic 
cell has been developed. In Chapter VI its properties are described and com-
pared with other photo-acoustic cell designs. 
A jet has been used as absorbing medium by Mizugai et al [ 5 ] . The low 
temperatures reached in the jet decrease the number of populated rotational and 
vibrational levels, thereby simplifying the interpretation of the spectra. When a 
circular nozzle source is used the linewidths are larger than the Doppler width 
at room temperature. In Chapter II we present a model that explains this in-
crease in linewidth. The linewidth is narrowed considerably when one employs a 
slit nozzle source, as demonstrated in Chapter I I I ; a tenfold higher resolution is 
obtained. 
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The cooling in the jet leads to weakly bound complexes. The infrared ab-
sorption by CO« clusters is locally measured in transmission for the f i rs t time, 
see chapter I I I . 
Relaxation studies in the infrared yield information on collisional transfer 
of vibrational, rotational and translational energy. Relaxation processes have 
been studied with infrared lasers ¡n many ways. The laser excited fluorescence 
method as applied by Stephenson and Moore [6] renders the relaxation rates of 
vibrationally excited modes to other vibrational modes or to the rota-
tional/translational degrees of freedom. Photo-acoustic relaxation studies by 
e.g . the resonant frequency method, Karbach et al [ 7 ] , give similar informa-
t ion; in its most advanced state it yields the relaxation rate of rotation to trans-
lation as well. Both techniques are not sensitive to particular rotational levels; 
rotational energy transfer cannot be observed. 
This is possible in a two-laser experiment, where one laser excites a spe-
cific rotational/vibrational level and the infrared absorption of a second tunable 
laser probes the population evolution of the excited and other levels. In most 
cases the double resonance method makes use of pulsed exciting laser sources; 
the different populations are followed in time by probe laser absorption. This is 
demonstrated by Haugen et al [ 8 ] . 
Our approach is to use the flow velocity of jet molecules in order to create 
a time delay between pump and probe. This time delay is determined by the spa-
tial separation between the two lasers. The method is applied to the fast v ibra-
tional and rotational relaxation of NH_, see chapter V. The line tunable CO-
laser excites molecules from the (v2=0, a(3,3)) level to the ( v ^ l , 5(4,3)) level. 
The color center probe laser follows the populations of ground and v« states in 
time (of f l i gh t ) . Besides the very fast V -R,T relaxation, R-R relaxation proc-
esses are observed and expressed in terms of relaxation rates. 
The same set-up is used to measure the probability of vibrational exchange 
in collisions between С-Нд and CO- molecules (see Chapter IV). The CO- laser 
excites С-Нд molecules into the v 7 state. During collisions with CO- molecules 
the excited C_H4 molecules transfer their vibrational energy to the CO- mole­
cule, yielding an excited CO- molecule in the v- state. The color center laser 
probes the increase of v- state population. The corresponding V-V relaxation 
rate is measured at different locations in the jet and thus at different low tem­
peratures. A very strong inverse temperature dependence is found; the proba­
bi l i ty of vibrational exchange is enhanced for decreasing temperatures, 
probably due to orbit ing collisions. 
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The infrared probe laser absorption in the jet is studied in detail in Chap-
ter I I ; a good understanding is essential in the double resonance measurements. 
The population at the low jet temperatures of rotational and vibrational levels 
renders also information about relaxation. In Chapter IV a value of the rota-
tional collision number of CO- is derived; in Chapter V the rotational relaxation 
in NH_ is roughly characterized from these data. 
2. EXPERIMENTAL INTRODUCTION 
Each chapter contains an experimental section, where the essential informa-
tion about the particular experiment is given. An overview of the total exper-
imental set-up is displayed in f igure 1. 
+ 
The Kr laser (Coherent 2000K) operates at 647 nm and is used as pump 
source of the color center laser, CCL (Burleigh FCL-20), which is continuously 
tunable [9] from 2.63 to 3.28 ym with the RbCI:Li color center crystal and from 
2.45 to 2.88 ym with the KCl: Li crystal as optical gain medium. Mollenauer [10] 
has reviewed color centers and color center lasers. For a short introduction we 
refer to Litf in and Welling [11]. The operation of the CCL is described exten-
sively in the Burleigh manual. 
The CCL radiation is monitored with a spectrum analyzer to check on single 
frequency operation. The frequency calibration is performed recording simulta-
neously a reference gas absorption spectrum and the transmission of a Ge-etalon 
* 
with free spectral range FSR=1462(4J MHz and a finesse F =3, and a confocal 
* 
étalon, with FSR=150 MHz and F =50. The Ge-etalon is temperature stabilized 
within 0.001 C, corresponding to a frequency uncertainty of about 100 MHz. 
The CCL beam is directed either into the photo-acoustic cell, see Chapter 
V I , or through the expansion cell, where jet absorption is measured. The t ran-
smitted beam is detected by a pyro-electric detector. For monitoring purposes 
PbS and PbSe detectors are util ized. The sensitivity of PbS-, PbSe- and 
pyro-electric detectors scales approximately as 400, 20 and 1. The output power 
of the CCL, about 2 mW, is high enough to eliminate contributions of detector 
noise in our applications. The PbS and PbSe detectors are used in the photo-
conductive mode and therefore only detect frequency components faster than a 
few Hz; the same is true for the pyro-electric detector due to the thermal dissi-
pation time. 
3 
color center loser 
Figure 1 : Overview of the experimental set-up. M stands for mirror and BS for 
beam splitter. 
The CCL beam is modulated by an electro-optic modulator (EOM) inserted 
+ 
into the Кг pump beam; it consists of an ADP crystal, that rotates the polariza­
tion periodically depending on the applied voltage, and of a f ixed polarizer, that 
correspondingly modulates the pump beam intensity. 
The low pressure flowing gas discharge CO« laser is line tunable and oper­
ated with mixtures of CO-, N-O or " C O - . It is described by Geraedts [ 1 2 ] . 
The CO- laser beam traverses the expansion cell. Direct jet absorption is meas­
ured detecting the transmitted beam on a thermopile or a pyro-electric detector. 
In the double resonance experiment the influence of the CO- laser excitation on 
the CCL jet absorption is detected. For that purpose the CO- laser is modulated 
through the discharge current. 
In the expansion cell the molecular jet is crossed by the CCL and/or the 
CO- laser beam. The jet can be modulated by a pneumatic valve up to 5 Hz and 
by a Bosch valve up to 200 Hz. The latter cannot handle large flows, though. 
2.7. Absorption detection schemes 
In chapters II to V the main experimental observable is the (change in) jet 
absorption of the CCL radiation. The absorption is detected on the transmitted 
intensity monitored by the pyro-electric detector. There are several ways to 
measure the jet absorption. In the following we discuss and compare their sensi­
t iv i t ies. 
A modulation of some kind is assumed. The detected intensity fluctuations 
decrease with increasing modulation frequency, f ; ideally the noise is propor­
tional to 1/f. Therefore, higher modulation frequencies yield a better signal to 
noise ratio. The detector sensitivity may set an upper limit to the modulation 
frequency. For PbS, PbSe and pyro-electric detectors the detectivity drops t y p ­
ically above 10 kHz, 100 kHz and 100 Hz, respectively. In most cases though the 
upper limit is determined by the means to produce the modulation. 
The improvement of signal to noise ratio is only achieved if the absorption 
is modulated; phase sensitive detection compares the CCL intensity with and 
without absorption on the time scale of one modulation period. This is the case 
for external modulation (EM, f i g . 2c,d) and frequency modulation (FM, f i g . 
2e), but not for laser amplitude modulation (AM, f i g . 2a,b). The different de­
tection schemes are schematically displayed in f i g . 2, with the example of an ab­
sorption lineshape. 
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Figure 2: Absorption detection schemes, see text. LI stands for lock-in, ref for 
reference, ICCL for the CCL-intenslty before the expansion cell, ICCL for the 
Intensity after the cell and att. for attenuai or. 
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External modulation [EM, fig. 2c,d) 
The detection of CO- laser induced changes in the CCL jet absorption is a 
case of EM ( f i g . 2d). The CO- laser modulation does not influence the CCL in-
tensity direct ly, but acts through a variation of jet absorption. Modulation at 85 
-4 Hz renders an absorption of 1x10 detectable, with Is integration time. The 
measurement of the jet absorption by modulating the gas flow is described by 
f i g . 2c; modulation with the Bosch valve at 85 Hz yields again the sensitivity of 
-4 10 minimum absorption. 
Frequency modulation I FM, fig. 2e) 
Here, the CCL frequency is periodically changed, so that the CCL beam 
experiences a periodical change in absorption. The result is the f i rs t derivative 
of the lineshape. The absorption is afflicted by a bias signal, if the laser inten-
sity varies with laser frequency. In case this variation is smooth on the scale of 
the relevant absorption linewidth, detection of the second harmonic (or deriva-
tive) will suppress this bias signal. The CCL frequency may be modulated in-
ternal ly, e .g . by changing the cavity length, or externally. The latter is 
performed in tone-burst modulated spectroscopy [13] , where modulation f re-
quencies up to 100 kHz are attained leading to minimum detectable absorptions of 
3x10 with Is integration time. FM is not applied in our studies because it does 
not give an absolute value of absorption. 
Amplitude modulation [AM, fig. 2a, b) 
In quantitative jet absorption measurements it is important to have a well 
defined expansion. Due to the f inite pumping speed there is a delay time of 'M 
ms in the bui ld-up and pump-off of the background gas pressure. The gas flow 
modulation frequency must be smaller than 4 Hz to keep the uncertainty in the 
jet absorption within 10%; this is a result of the large background absorption 
contribution to the total absorption. Fast amplitude modulation of the CCL 
beam, at about 700 Hz, is applied because of the AC detector response; the CCL 
intensity is detected phase sensitively yielding a DC output suited for slow mo-
dulations. The DC output is characterized by a high frequency cut-off which 
corresponds to the lock-in integration time (a bandwidth of 1 Hz corresponds to 
an integration time of 0.3 s) . The same impression of CCL intensity is obtained 
using a DC detector with the same high frequency cut-off. The fast modulation 
7 
does not increase the sensitivity, unless it is limited by detector noise, which is 
reduced at high modulation frequencies. 
In f i g . 2a we give an absorption Mneshape taken with a continuous gas ex­
pansion. The small absorption (large in f i g . 2 for clarity) has to be observed 
against the zero-absorption intensity. A f i r s t improvement stems from stabiliza­
tion of the CCL intensity, by a feedback of the intensity monitored on the ref­
erence detector to the EOM. This typically improves the detectable absorption 
-3 -4 
from 2x10 to 4x10 (1 s integration time). The improvement factor is limited 
by different detector responses and by spatial beam fluctuations. An alternative 
is to divide transmitted and reference intensity, with essentially the same re­
sult. 
The second improvement is a slow modulation (<4 Hz) of the gas flow, f i g . 
2b, thereby discriminating the absorption from the zero absorption intensity and 
yielding a direct value of absorption. Long term d r i f t phenomena are eliminated 
(with a DC detector this would fall under EM). For spectroscopic purposes the 
delay time posed by the background gas is not essential; the delay time for the 
jet is much smaller and determined by the flow velocity of the gas, typically 10 
ys; gas flow modulation, EM, is applied. The modulation frequency is limited by 
the gas flow modulation device. 
Double beam modulation (DBM, fig. 2f) 
For quantitative jet absorption measurements an alternative scheme is 
shown in f i g . 2f. The CCL beam is split in two; one beam is guided through the 
jet and the other around the jet ; both beams are focused on the same detector. 
The reference beam is attenuated so that without jet absorption the intensities 
are equal. A mechanical chopper (or an electro-optic polarizing beam splitter) 
makes the detector see both beams alternately; effectively the jet absorption is 
modulated at the frequency of the chopper. This provides a means of EM and a 
higher frequency which improves the sensitivity if other noise contributions are 
negligible, e.g. detector noise. Slow modulation of the gas flow eliminates long 
term d r i f t phenomena. 
With a fast reference detector the sensitivity of EM and FM could be im­
proved through stabilization of the CCL intensity at the modulation frequency, 
+ 
e . g . by stabilizing the Кг intensity. The CCL fluctuations are determined al-
+ 
most completely by the Кг fluctuations. The absolute CCL noise is larger than 
+ + 
the Кг noise because the CCL output power is not proportional to the Kr imput 
power; there is typically an enhancement by a factor 3. 
8 
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CHAPTER II 
DETERMINATION OF THE ROTATIONAL TEMPERATURE 
AND THE MOLECULAR DENSITY IN AN EXPANDING NH3 JET 
BY INFRARED ABSORPTION 
ABSTRACT 
Rotational tempera tu res are determined by measur ing the absorp t ion of i n -
f r a r e d laser rad ia t ion . The possib i l i t ies of th is method are c r i t i ca l l y examined 
and tes ted . As a resu l t the molecular dens i ty in the expansion could be de te r -
mined, too. Co lo r -cen te r laser radiat ion has been absorbed by a molecular je t of 
NH«. An anomalous l ine shape has been o b s e r v e d , re lated to a Doppler sh i f t 
f rom molecules moving along the var ious s t reaml ines. No deviat ions f rom a t h e r -
mal rotat ional d i s t r i b u t i o n have been obse rved . 
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and the Molecular Density in an Expanding NH3 Jet 
by Infrared Absorption* 
К Vecken and J Reuss 
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Abstract. Rotational temperatures arc determined by measuring the absorption of infrared 
laser radiation The possibilities of this method are critically examined and tested As a 
result the molecular density in the expansion could be determined, too Color-center laser 
radiation has been absorbed by a molecular jet of N H , An anomalous line shape has been 
observed, related to a Doppler shift from molecules moving along the various streamlines 
No deviations from a thermal rotational distribution have been observed 
PACS: 34 50 Lz, 33 70 Jg, 33 70 Ca 
There are several methods to determine locally the 
rotational distribution and molecular density in a 
molecular beam, such as Raman scattering [1], laser 
induced fluorescence [2,3], opto-thermal detection 
[4,5] and ir lluorcsccncc [6,7] We have used and 
critically evaluated the method of ir absorption 
[8 11] 
Section 1 describes the experiment Section 2 presents 
the measurements of absorption line shapes, the model 
generating these shapes and an experimental test of the 
model In Sect 3 the absorption measurements on 
NH3 are used to extract the rotational temperatures 
and molecular densities In Sect 4 our results are 
compared to other work [10,11] 
1. Experimental 
In Fig 1 the experimental set-up is drawn 
schematically The probing radiation originates from a 
color-center laser (CCL) (Burleigh FCL-20) and can be 
tuned continuously over the complete \l vibration-
rotation absorption band of NH3 around 3 Ομπι The 
laser power vanes from 1 to 5 mW The linewidth of the 
laser is g 2 ΜΗ? The frequency stability is better then 
* Work supported by Stichting voor Fundamentcel 
Onderzoek der Materie ( F O M ) 
10 ΜΗ? h and sufficient in view of the observed 
absorption line shapes with widths of several hundreds 
of MHz 
The CCL radiation is chopped (750 Hz), attenuated by 
the molecular jet and detected phase-sensitively with a 
pyro-clectric detector Lens 1 (Fig 1) focuses the laser 
beam to a waist of 0 1 mm diameter yielding good 
spatial resolution Two oblique windows function as 
vacuum ports and define a path length (L) of 20 mm 
The absorption is measured by substracling the pyro-
electnc detector signal from a reference detector signal 
The minimum detectable absorption is 4 χ 10" 4 
(τ = 1 s) Drift phenomena are eliminated by comparing 
molecular jet on/off signals 
Two types of absorption measurements have been 
performed First the frequency is scanned continously 
around various absorption frequencies in order to 
determine the line shapes Secondly the frequency is 
tuned to the central absorption frequency of each line 
to obtain information on the rotational distribution 
and density The measured absorption is always the 
sum of the absorption by the molecular jet and by the 
background gas A necessary correction for the 
background gas absorption will be discussed in 
Sect 3 
For double resonance measurements a C 0 2 laser (EL 
in fig 1) is used simultaneously with the CCL 
Experimental details can be found in Sect 2 4 
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150 К Vccken and J Rcuss 
CCL 
big 1 Experimental set-up The color cenler laser radiation CCL 
is focused by lens LI on the molecular jet (shaded area) Its 
(attenuated) radiation is colhmated by L2 and measured by the 
pyro electric detector D CCL traverses through oblique 
windows The CO 2 laser radiation EL is focused by L3 on the 
molecular jet The Gas С is expanded through the noz7le (x = 0, 
y = Q z-0) and pumped by a rootspump underneath The 
posi lion of the focus of CCL is given by (JCP, ZP) , the position of the 
focus of EL by (yE, 2E) 
Table 1 Frequency difference, Δ VS no/vie distance Zp/D, for 
pureNllj Transition probcdiSoß(2,2),Ain MHz P0inbar The 
uncertainty in Δ IS 15 MH/ 
05 10 20 
06 
12 
23 
46 
81 
115 
515 
603 
559 
477 
470 
463 
447 
642 
backed by a 50m3/h motor pump A stagnation 
pressure of 1 bar of pure NH3 gives a background gas 
pressure of 0104mbar This pump combination is 
preferred above a diffusion pump system because a 
large (low rate had to be handled in view of the weak 
infrared absorption signals in our experiment 
The same nozzle is used in combination with the beam 
machine described in [12] to obtain a mass 
spectrometnc determination of cluster concentrations 
and velocity distributions 
abs-C/.) 
frequency 
Fig 2 Absorption vs color center laser frequency Curve (a) 
corresponds to the aR(0,0) absorption at zp/D = 0 6, (ò) at 
2,10 = 1 2 and (c) at z,/D = l l 5 All for pure NII3 jet with 
Pa = 1 bar and T,, - 295 К The red and blue shifted peaks 
originale from molecules with Doppler shifts in the flanks of the 
expansion v0 corresponds to the molecular jet axis The 
diminishing hnewidth [comparing {a) to (b) to (c)] reflects the 
shape of the jet, being more forward peaked for larger Zp/D The 
absorption in (c) is siili large compared to (a) and (6) due 10 the 
cooling process which favors lower levels like (0,0) 
The molecular expansion originates from a stainless 
steel nozzle with a diameter ofO 24 mm (wall thickness 
< 0 1 m m ) The nozzle is adjustable in the x- and 
z-direction (Fig 1), with uncertainties of 001 mm The 
vacuum chamber is pumped by a 500 m3/h roots pump 
2. Development of the Model 
2 1 Lme-Shape Measurements 
The absorption is measured as a function of laser 
frequency for several conditions and transitions In 
Fig 2 a few examples are displayed The most 
remarkable feature is that the absorption has two 
maxima at frequencies that are red and blue shifted 
with respect to center frequency v0 Such a behaviour 
was observed for pure NH3, seeded NH3 (10% in He) 
and for C 0 2 The double-peak structure becomes 
more pronounced with increasing stagnation pressure 
and for lower rotational quantum numbers 
Noteworthy, too, is the large hnewidth The difference 
between the two maxima, /1, is measured with a 
150 MHz étalon for a pure NH j beam and for varying 
distances from the nozzle, 2 The results are given in 
Table 1 The distance from the nozzle is expressed in 
nozzle diameters, ζ,,/β, where ρ stands for probe The 
width of about 500 MHz is much larger than the 
measured Doppler width in bulk gas (310 MHz) 
Another remarkable feature is formed by the steep 
flanks of the absorption profile 
2 2 Doppler Model 
Downstream the expansion the molecules follow 
stream lines that originate from the so-called virtual 
source point [13] Therefore, molecules that cross the 
laser beam for different y^-values (distance from the 
molecular jet axis, ρ stands for probe), do this at 
13 
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different angles Ö(_v(,/zp = tan0)and will havediiïerent 
Doppler shifts (Fig 4). Molecules moving towards the 
laser will absorb at blue shifted frequencies, for 
instance The velocity of the NH, molecules in the jet is 
about 1000 m/s, i.e twice as much as the r m.s. velocity 
in bulk, about 500 m/s at 300 К Molecules moving 
with 1000 m/s in opposite directions with respect to the 
laser beam will absorb at frequencies separated by 
700 MHz. The frequency dilTerenecs in Table 1 are thus 
well within the bounds of possibility. 
The decrease o( Δ with increasing z/D reflects the shape 
of the expansion with barrel shock fronts as 
boundaries. Large values of 0 are cut off by those 
boundaries for increasing ζ,,-values. 
In Appendix A we derive an expression for the 
absorption line shape A(v). Assuming a constant 
translational and rotational temperature below 100 К 
we can use a simplified form for A(v) 
/l(v) = conste(v)[cosfl(v)] 3 . (1) 
where ρ(ν) is the density at the position where the 
Doppler shifted frequency ν is related to the angle 0 by 
v = v0 + (334MHz)sinfl. (2) 
More details can be found in Appendix A. 
The steep flanks indicate that jet molecules do not 
occur with y^Oma,; for a given z^D, 0
тлх
 is the limit 
angle of those molecules which reach but have not 
undergone the barrel shock. Molecules that have 
passed through the barrel shock are slowed down with 
respect to their velocity component perpendicular to 
the jet axis; therefore they cannot be observed with 
Doppler shifts larger than v- v
o
 = (334MHz)-sin0
m
„. 
For higher values of z^D, pressure broadening is 
negligible. In that case the geometric jet width <5M 
(Sect. 3), determined by the barrel shock fronts, can be 
related to the frequency difference of the flanks of 
the line shape using the Doppler model. For 
zpiD =11.5 mm δΜ is 11.3 mm. With (2) this leads to a 
frequency difference of about 600 MHz. This spacing is 
found between the flanks in Fig. 2c at 70% of the 
maximum signal. 
2.3. Probable Physical Origin 
of Double Peak Structure 
Using (1), A(v) is calculated from ρ(ν) for the case of an 
isentropic expansion. In Fig. 3 A(v) and ρ(ν) are 
depicted. For high |v — v0|, A(v) falls offless steeply than 
ρ(ν). Also shown in Fig. 3 is a typical experimental A(v), 
together with the experimental ρ(ν), derived from this 
A(v) using (1). As compared to the theoretical curve, 
the density for θ = 0 is decreased relatively with respect 
to the densily for 0 + 0, but it does not exhibit the 
double peak structure. 
Vp position (mm) 
о o; 10 17 21 IS JO »0№ 
(r«q.(MH2) 
Fig 3 Normalized jcl absorption and jet density vs yp-position 
for Ihc aR(0 0) Iransilion al ζ,,/D - II 5 for a pure NU jjel with 
P0 — I bar and T0 - 295 К The v-position is related to a Doppler 
shifted frequency (A 6, A 7) The theoretical absorption ( ) is 
calculated for an isentropic expansion using (All) and (A 12) 
1 he corresponding density is indicated by - - - -. The 
expérimental absorption ( ) deviates strongly from the 
theoretical one presumably due to clustering The experimental 
density ( - ) is derived by means of (A.ll) The cut off at 
у,, = 3 5 mm reflects the restrictions of (A.ll) 
We attribute the double peak structure to clustering. 
This is stronger on axis because the density is larger 
there (Fig. 3). Clustering depletes the monomer levels, 
presumedly by preference of those with lower 
rotational energy. From the mass spectromctric 
measurements it appears that clustering is indeed 
heavy in our case (Sect. 4). (N.B. The absorption of 
CCL radiation due to clusters can be neglected.) An 
alternative explanation could have been a compression 
of molecules by the background gas causing the barrel 
shock front. The strong dependence on stagnation 
pressure and rotational quantum numbers made us 
reject this alternative. 
2.4. Test of the Model 
The Doppler model is tested with an infrared double 
resonance experiment. The experimental set-up is 
shown in Figs. 1 and 4. A CO2 laser beam (EL) crosses 
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frequency 
fig 4 Test of Doppler model The COj laser depopulates the 
sQ(2 2) level al different \E positions This dclicil travels along 
the streamline (0) and appears in the probing spectrum at a 
Doppler shifted frequency see (A 6) with lgO = ylJzl) At 
^ = 0 4 mm the deficit is virtually absent 
the NHj molecular jet and the CCL beam at right 
angles, with a waist of 0 1 mm in diameter, this crossing 
point can be shifted in y- and z-direction (Pig 1) The 
cw COj laser is line tunable The 10R(8) line, with a 
power of 10W, was used to depopulate the 
(J, K) = (2,2) level exciting the v2 band This 
depopulation results in a decrease of absorption of the 
CCL radiation In a typical case we depopulate at 
zE/Dx06 and probe the depopulation at Г ^ / О А З З , 
where E stands for excitation 
In Fig 4 the absorption line shapes are displayed for 
different yE positions of the C 0 2 laser waist It is 
evident how the depopulation significantly changes 
A(v), for }> £=-0 2mm, the blue shifted peak is 
reduced to a small shoulder, whereas for 
yE= +02mm, the red peak appears to be strongly 
diminished According to (A 6 and 7) the Doppler 
shift amounts to about 270 M Hz at yE = 0 2 mm, this is 
the approximate position of the red peak The curve 
/l(v) for yE= + 0 4 m m resembles the absorption for a 
molecular beam uninfluenced by the C 0 2 laser The 
central minimum of A(v) becomes more pronounced 
for yt = 0 mm 
The Doppler model explains these features nicely The 
molecules follow more or less stream lines, even for 
small z/D (zJDaO 6) where the density is high and 
the collisions are numerous (p>30mbar) A certain 
y-position corresponds with a well defined detuning, 
v - i 0 The relation between y- and {\ — v0) values is 
established by Doppler shift, (2) 
Local heating by the C 0 2 laser results in slightly 
enhanced absorption for large Doppler shifts 
3. Results of Fixed Frequency Measurements 
The absorption measured at central frequency v0 yields 
information on the molecular jet, specifically of 
molecules on axis Two gas mixtures have been 
studied pure NHj and 10% NH3 seeded in He The 
pure jet is studied for 0 6 á z^'D g 23 and for rotational 
levels ( J , K ) \ M t h 0 Ê l / g 6 a n d 0 g K 5 . / T h e seeded jet 
is measured for 0 6<Zp/Dál2 and for 0 á J g 4 and 
0¿K¿J R and Q transitions of the V! band are 
observed In Appendix В the transitions, their 
wavenumbers [14], line strengths in bulk (295 K) and 
transition dipole moments are listed The line strengths 
were derived from absorption in bulk From the line 
strengths we calculated the transition dipole moments, 
μοι*' Ideally, μ 0 1 is independent of (J, K) In the case 
of NHj the v, v¡ and 2ν4 bands interact and appear to 
distort μο, *' yielding up to 10% variations The values 
for μ'ο,K> have been used in further calculations 
The absorption at v0 still arises from an integral over 
the laser-beam path, although predominantly 
molecules on the beam axis are probed For the small 
absorptions in this experiment (<5%) the Lambert-
Beers law can be linearized The absorption of 
background gas, AB, and of the molecular jet, AM< arc 
separated, yielding (A 4) 
Л(
 0 ) = Л в ( 0 ) + /1м( 0 ) , 
with 
Λ^ν0) = ιχ^ν0)ρΒδΒ, 
'4м( о)= Í«M(VO. y)Qu(y)äy, 
(3) 
(4) 
(5) 
where a¿[v0) is the absorption strength in bulk, ρ
Β
 is the 
density of background gas and δ
Β
 stands for the 
effective absorption length 
For AM(v0), the molecular jet absorption, we have 
derived (A 11) 
^ ' ^ τ ί κ ^ '
 (6) 
where S4(V0,Z)/(VJL)V0 is the absorption strength 
which contains the information on the rotational 
distribution, β4(ζ) is the molecular density on axis a 
distance ζ below the nozzle, v
s
 stands for the flow 
velocity of the molecular jet 
The densities ρ are expressed in mbar at 295 К 
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In the expression for AB(\0), xB(\0) and gB 
( = 0 104mbdrforpureNHj)areknown Theunknown 
parameter is ò„(:) l·or zp <D we ignore the molecular 
jet diameter and take dB(z) ^ 20 mm For ζ, > 5D the jet 
cooling is considerable We use the fact that higher 
rotational levels are almost completely depopulated 
The absorption of those higher levels consists entirely 
of background gas absorption These measurements 
yield (5B(z) For several higher levels we found 
consistently the same value for òB(z) 
The following realistic example illustrates this idea 
For zr/D = 9 and Po = 1 bar one has ρ
Β
 = 0 I04mbdr, 
TB = 295K, and i5B=10mm, further e M s;0 8mbar, 
TM = 80K. and <54 = 10mm The rate of beam to 
background absorption for (J, K) = (6,0) is 1 to 14 In 
case of /M = 50K this rate would change into 1 to 
1400 
In the intermediate case, l D < Z p < 5 0 , we measure the 
absorption for different Xp-positions The jet-produced 
absorption vanishes at a value χ
ρ
 = ά
Μ
(ζ)/2 
= [L—¿>B(z)]/2, ι e <5M(z) and δΜ(ζ) can be directly 
determined The geometric jet w idth can be denoted by 
¿>w(z) The results for Pa= 1 bar are given in Table 2 
The values were used to correct for background ellccts 
and to derive AM(v0) 
Caveau et al [6] reported the importance of taking 
into account the background in their case of infrared 
fluorescence detection The alhcrmal results of 
Venkatcshan et al [7] could be explained by taking 
into account the background gas 
Table 2 shows a smaller dM in the seeded case, as a 
result of peaking in the forward direction of heavier 
species in a He expansion [13] 
From Appendix A we obtain the complete expression 
(А15)ГогЛ
м
(
 0 ) , 
Α%κΧν0,ζ) 
_
 2
^
2
no9jKCXP(-EJK'l<TR)AjK^0i\2gM(z)z 
Tabic 2 Jet width óM vs no77lc distance zp δ4 and zp in mm 
bor pure Nilj and 10% NHj in He 
ЗбоКо 
(7) 
where qjKexp{ -EjK/kTR)/Q=fjK is the fraction of 
molecules in the (J.K) levels at a rotational 
temperature, Т
я
, and n0 is the number of molecules 
[m 3 ] at a pressure of 1 mbar and 295 К 
We plot ln[,4!i,0(v0,z)/,4.,lï<7jlï] against EjK to 
produce the so called Boltzmann plot If this plot yields 
a straight line, the rotational distribution can be 
characterized by a rotational temperature TR 
^[A4K\v0,z)/AJKqJK-] = ß-aEJl 
with 
The intercept β with the I
 J k 
β = in / ^ " o l M o i l W ^ z 
V ЗсоКО 
= 0 axis equals 
(8) 
(9) 
(10) 
ZP 
0 14 
028 
0 55 
1 10 
166 
221 
2 76 
4 14 
5 52 
Pure NH, 
i « 
2 2(5) 
3 4(5) 
5 0(5) 
7 1 (10) 
8 9(10) 
10 1(10) 
111(10) 
149(10) 
159(10) 
» w. 
10%NHjinHc 
0 7(2) 
1M3) 
2 3(4) 
4 5(15) 
7 (2) 
II (2) 
«so 700 IW E j» ( c m *) 
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Ι 
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Ι 
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. Ι 
Ε« (cm') 
fig 5 Bolt/mann plot Itvcl population vs rotational energy 
P0 = 1 bar T0 295 К Case (u) corresponds to z^/D = 1 2 (lower 
energy scale) case (i>) lo г, D - 6 9 (upper energy scale) For case 
(ü) the K-dcpendcnt deviation from the dashed line is discussed 
in the text 
In Fig S such Boltzmann plots arc displayed for 
zJ,/D= 1 2 and z(,/D = 7, in the case of P0= 1 bar and 
pure NH3 
For Zp/D = 1 2 we observe only a global linear 
behaviour The deviations are systematically 
K-dcpendent This does not necessarily mean athermal 
behaviour, but probably is caused by effects that arc 
not included in (7) In this high-pressure regime 
pressure broadening has a big influence (of the order of 
40MHz/mbar fwhm) and notoriously depends 
strongly on the quantum numbers J and К For К Ф0 
this dependence can qualitatively explain the 
deviations from linearity by taking as an estimate the 
dependence of pressure broadening sketched in 
[15] 
16 
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ZP/D 
Fig 6. Rotational temperature vs nozzle distance, zJD The thin 
line corresponds to the isentropic expansion of pure N H 3 
(7=133). — о — corresponds to pure NH3, P 0 = lbar, 
T 0 -295K A corresponds to 10% N H 3 in He, 
P 0 = 2bar, T0 = 295K. · · • corresponds to 10% ΝΗ 3 in He, 
P 0 = 1 bar, T0 = 295 Κ Δ and ·? are measured for pure NH 3 with 
P 0 = 2 bar and P 0 — 0.5 bar respectively, the pressure dependence 
demonstrates the influence of clustering 
SO 100 
ZP/D 
Fig 7. On axis jet density vs по77Іе distance zJD. g0 corresponds 
to a source pressure P 0 of 1 bar (o), 2 bar (Δ) and 0.5 bar (V), for 
pure NHj, T0 = 295 К For 10% NH, in He P 0 amounts to 1 bar 
( · ) and 2 bar (A). For the seeding mixture ρ/ρ0 (Ihe displayed 
heavy pomls) has to be divided by a factor 10 The ful] line is 
calculated for an isentropic expansion of pure NH, 
For Zp/D = 7 the collisional effects become of minor 
importance. In general, only for small values of Zp/D, 
we observe deviations from a linear plot. 
The slope a of the best linear fit yields a rotational 
temperature TR, see (9). The results are displayed in Fig. 
6 where TR is plotted against z^D. The molecular 
density ρ
Μ
(ζ) is calculated from the intercept β, see (10). 
For that purpose values for the molecular jet velocity, 
i'
s
, and the rotational partition function Q must be 
inserted. Q is calculated using the TR values of Fig. 6 
and t)
s
 from [16] 
VT0=\-(vJvJ2, 
where Τ is the translational temperature, set equal to 
Т
и
, T0 is the stagnation temperature 295 К and vm 
follows from (12) for pure NH3 
Í у X'2( ІкТЛ1'2 
where у =1.31 [17]. For seeded NH3, vœ is deduced 
from direct velocity distribution measurements. 
Notably, the vm value we can deduce for pure NH3 is in 
fair coincidence with the one calculated from (11). In 
Fig. 7 the values for ρ
Μ
(ζ) are displayed, divided by ρ0, 
the density corresponding to the stagnation pressure 
P0. For 10% NH3 in He the values for ρ0 are 100 and 
200mbar for P0 equal to 1 and 2 bar. The uncertainties 
in ρ
Μ
 are about 20%, for higher zJD. For small 
Zp/Di <4.6) there is an additional uncertainty because 
in that regime the model of Appendix A does not 
strictly hold. 
4. Discussion 
4.1. Rotational Temperature 
We want to compare our data with data from two 
(12) other publications [10, 11] and with measurements 
OD 
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Table 3 Expcrimemal conditions and rebulls 
Gas conditions 
Pure NHj 
10% NH 3 in He 
Probe conditions 
Vib-rot band 
Band strength [18] 
Width of probe radiation 
Approximate Doppler 
width ofjel 
Probe beam waist 
Distance from nozzle 
Results 
Pure NH 3 
10% N i l , in He 
Behaviour 
Parameters 
» [mm] 
Po [bar] 
P0D [Torr cm] 
Po Ibar] 
P0D [Torr cm] 
[ c m ^ a t m " ' ] 
[MM/] 
[Mil/] 
[mm] 
LmD] 
η, [κ] 
T,[KJ 
This work 
0 24 
0 5/10/2 0 
9/18/36 
10 
18 
vi [3 0|im] 
~ 20 
2 
500 
01 
115(1) 
64/73/79(3) 
29(3) 
Thermal 
[ Π ] 
0 20 
0 35/0 8/15 
5 3/12/23 
13 
20 
v2 [ΙΟμιη] 
[10] 
0 66 
05 
25 
v2 [Юцт] 
-600 ~ 600 
IOC') 
140 
(estimated from this 
04 
11(1) 
50,60/80 
37 
Alhermal 
for higher 
states 
1800 
140 
work) 
3 
-
114(7) 
Alhermal 
K-depen-
dcnt 
of the translational temperature. In Table 3 the ex­
perimental conditions and the results are displayed 
for the three jet experiments. 
Agreement between [1Π and the present work is good, 
with respect to the rotational temperatures obtained, 
both in the pure and seeded case. The supposed 
athermal behaviour, however, due to slower relaxation 
of higher (J, K) levels can be explained by the fact that 
no correction for background absorption was applied. 
Thus, higher levels (populated in the background gas) 
yield too large absorptions. A strong support for this 
suggestion can be found in the Boltzmann plot [Ref. 
11, Fig. 1]. Extracting a temperature for the higher 
(J, K) levels yields a rotational temperature of the 
order of 295 K, the temperature of the background. 
We cannot really compare our results to the 
temperatures found by Snavely et al [10], because 
their nozzle diameter is rather different and their zp/D 
is unknown. The K-dependent athermal behaviour is 
not seen in our experiment. In their case the rotational 
distribution is not probed for a well defined x, у and 
z-position. The reported resolution of 1800 MHz leads 
to an integration over the whole range of ^-values. The 
beam diameter of 3 mm yields an integration over a 
range of Zp/D of 5 and over a range of χ of 3 mm. 
An empirical rule [19] states that freezing occurs when 
the temperature in the jet drops below the energy 
spacings that must be overcome in the relaxation 
process 
Taking into account the selection rule А К = 3m (m - 0, 
1, 2, ...) we calculate the maximum energy spacing 
/iEK - 100cm"
1
, that must be overcome in the 
relaxation process, for levels (J, K) with J g 10 [£( 10,0) 
= 1083 cm" 1 ] . This corresponds to a temperature 
Г А Н О К . For levels (J, K) with J g 5 we calculate 
AER χ 50 cm " ' and Tx 70 K. Our detection limit made 
it impossible to probe higher levels for large values of 
Zp/O. For example, at z(,/D = 23 we measured the 
absorption for levels (J, K) with J ^ 3 . Consequently, 
wc were not able to measure the population, e.g., for 
J>5 at distances from the nozzle where T R á70K 
occurs. An athermal behaviour for those energetically 
higher levels can, therefore, not be excluded. 
In our work, and the work of Baldacchini et al. [11], 
one observes a rise of temperature with rising P0. This 
is caused by condensation and will be discussed 
below 
4.2. Translational Temperature 
The velocity distribution has been measured using a 
velocity selector, From those measurements the flow 
velocity vs and the speed ratio S are determined. Using 
vs and S, a terminal translational temperature can be 
determined: 
S1=im^/kTT. (14) 
AER>kT. (13) TV/Ti 
The terminal translational temperature TT is given by 
[20] 
;-Κΐ Ml (15) 
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Table 4 Experimental and calculated values for
 я
 and T7 Expcnmenlal values for TR and fc¡ ν, 
in m's Tin К f,! in % 
Pure NH, 
10% NH, in He 
Po [bar] 
». c.lc 
TT up 
M" cBk 
T, (z/D = 
Г, (z/D = 
ƒ.< 
' Г м р 
т
я
(
г
/о = 
115) 
= 23) 
:115) 
0 13 
1051(10) 
1052 
42(4) 
32 
2(1) 
32(3) 
0 27 
1085(10) 
1070 
34(3) 
23 
6(1) 
30(3) 
0 50 
1110(20) 
1079 
35(8) 
18 
И2) 
12(1) 
40(8) 
100 
1185(30) 
1089 
52(15) 
13 
73(4) 
64(3) 
9(3) 
29(3) 
where MT is the terminal mach number This quantity 
MT is related to the Knudscn number Kn, the ratio of 
the mean free path to nozzle diameter under stagnation 
conditions [20] 
Μ7· = 2 0 5 ε
ο
" Κ η -
0 2 5
 (16) 
Here с is the collision efficiency that is taken to be 
0 25 
To calculate Kn we have inserted σ=16Α2 for the 
hard sphere collision cross section From TT, t»s can be 
calculated with (11) This more or less arbitrarily 
chosen value for σ gives an agreement of the 
experimental and calculated values of TT for the lowest 
pressure 
In Table 4 the experimental values for TT and vs are 
given, together with the calculated values for TT and v„ 
and the rotational temperature, TR, at zp/D=\2 and 
23 
The cluster fraction in the beam is indicated by f
cl In 
Table 4, f
e
, is taken as the sum of mass spectrometric 
intensities of (NHj^ and (NHjJj divided by the 
intensity of (NH3) No corrections are made for the 
unknown fragmentation m the ionizer and for higher 
clusters Therefore, f
c
, is very uncertain 
The cluster fraction thus defined reaches a maximum 
for P
o
 = 0 5bai, because larger clusters were 
neglected 
Clustenng releases binding energy in the molecular 
beam, which manifests itself in an increasing TT and TK 
and in the difference between v"' en D"IC The 
measured v, can assume even higher values than v
w 
calculated from (12) 1 e κ„ = 1114 m/s 
From Table 4 we conclude that there is no large 
discrepancy between T"? and TR for P 0 = 1 bar Note 
that 7? ,p is the terminal temperature while T„ is still 
dropping for increasing z/D values (Fig 6 and [9]) 
We have taken the translational temperature equal to 
the parallel translational temperature everywhere 
This may introduce an error in the flow velocity, ι>„ and 
thereby in the density g
u
 of (10) but that error will 
be small in view of the low temperatures attained 
(Table 4) 
4 3 Molecular Jet Densities 
The experimental values of the molecular jet densities 
are compared with calculated densities and with each 
other Using the virtual source model and the equation 
given by Bcijermk et al [13], we find for pure NH3 
uM(z) = (a2/4)eo(z/D-(z/D)v} (17) 
where a = 0 52 [13], (z/D)„ stands for the position of 
the virtual source and is assumed to be zero in the 
following In Fig 7, logte^'Xz)/^) is plotted for the 
pure and seeded NH3 expansion, and also the 
calculated values according to (17), the dilution factor 
10 for 10% NH3 in He was accounted for by an 
appropriate vertical shift 
In the seeded case at P0=\ bar the densities lie 
systematically above the calculated curve This can be 
understood by the forward peaking of a He expansion 
The NH3 follows the He expansion For P0 = 2 bar, the 
points lie below the calculated curve This sudden drop 
may be caused by massive clustering 
In the case of a pure beam and for г/Д>= 115 the 
differences between the calculated and experimental 
densities are 15%, 17% and 30% respectively, for 
P0 = 0 5 bar, 1 bar and 2 bar In view of the increasing 
cluster fractions for larger P 0 values (see Table 4) these 
values look reasonable 
Conclusions 
In this paper we have reported the anomalous 
absorption line shapes of a molecular jet It would be 
interesting to examine more gases, if only to establish 
whether clustering causes the double peak structure 
The level and pressure dependent line shapes can lead 
to new insight in cluster formation 
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For the interpretation of the line shapes a model has 
been developed It enables us to determine rotational 
distributions and molecular densities in the jet 
In our case it has been very important to correct for 
background absorption Indeed, this background 
absorption limits the possibility to probe higher 
rotational levels far away from the nozzle, because of 
the drastically decreasing ratio of jet to background 
absorption We feci that the background absorption 
should be considered carefully in all ir absorption 
experiments in jets 
In our measurements the expansion of NH3 leads to 
thermal distributions, in contrast to other data 
[10, 11] For a vib-rot band of medium strength it is 
shown that population probing by ir absorption is 
well feasible Increasing the sensitivity and thus 
increasing the range oizJD values that can be probed, 
a possibly athermal behaviour at large nozzle distances 
or high rotational levels would become observable. 
In our jet the clustering of NH3 is heavy and heats up 
the jet After completion of this paper we got 
acquainted with the work of Mizugai et al [21] They 
describe a pillar-shaped form of the absorption lines in 
a cold jet of NH3 with He, frequently showing a 
shallow dip on top This in perfect agreement with our 
observations 
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Appendix A 
Caiculation of the Absorption of IR Laser Radiation 
by a Molecuïar Jet 
Assume a laser frequency ν near a molecular transition 
frequency v0 The laser travels along the y-axis through the 
molecular beam, a non-uniform medium The Lambert-Beers 
attenuation formula yields 
(Al) /(v) = /0(v)cxp ƒ <x{v,y)Q(y)dy 
L-Í./2 
where 
/о( ) is the intensity before absorption, 
/(v) is the intensity after absorption, 
L is the length of the absorption path [m], 
a(v, y) is the absorption strength [m ~1 mbar ~1J and 
Q(y) is the density of absorbers [mbar, 295 K] 
I or «(v, y) one has 
Ψ , y) = S(y)gi(v-v0), y), 
where S( y) is the line strength and g(( ν — v0), y) is the line shape 
function S{y) depends on the rotational distribution at position 
У> 9((v — vo)> У) o n 'be translational temperature and molecule 
density at position y and on the Doppler shift corresponding to 
that position y 
(A2) 
We divide expression (A I ) in a pari due to background gas 
and a part due to the molecular jet The background gas is 
homogeneous with constant density ρ
Β
, absorption strength 
a^v), and with an effective path length δ
Β
 The molecular beam 
parameters вм(у) and Xuiy), depend on y (Al) changes into 
i(v) = /o(v)exp{-0[^v)e><5J}expj ƒ Ф,у)д^.у)ау\ (A3) 
The measured attenuations are smaller than 5% and therefore 
(A 3) can be written, with A{v) - [;„(v) - Ц v)]/l0( v), 
Α(ν) = α^ν)ρ
Β
δ
Β
+ } α
Μ
(ν, })gM(y)dy (A4) 
The background absorption can be corrected for (Sect 4), 
thus we arc left with the molecular beam absorption AM(v) 
Introducing (A 2) and r, A
u
(v) becomes 
Лм( ,2)= ƒ S(>,z)j((v-V|,), y.zÌQuiy, z)dy 
-Lll 
(A 5) 
To calculate this integral we adopt the Doppler model discussed 
in Sect 3 2 Molecules that pass position y are characterized by 
a flow velocity bs(y), a translational temperature T(y), and a 
density É?M(>) Consider the line shape function of a particular 
group of molecules at position > and ζ (x = 0) The center 
frequency of that line is displaced by the Doppler effect The new 
center frequency, v'0(>\z), is 
v'oiy, 2) = V o
- ( j ) V o sin(0(>>,2)), (A6) 
where (Fig 4) 
tan[0()\z)]=.y/z (A 7) 
Note that we put the virtual source into the nozzle exit plane 
(z = 0) (For NH 3 its position can be estimated from [ И ] as 
0 8 D) At position y the width of the line is made up by the 
Doppler broadening (determined by the translational 
temperature), and the pressure broadening (determined by the 
molecular density) Using (A 6) we change the variable y in 
the integral (A 5) The important relation is 
dy = z(vjc) lv0icos 3θαν'0 
We find for (A5), with g{{v — v0), y, z) = 0((v — v'0),z) 
> S(v'0, z)gi(v- Vo), ζ)ρΜ(ν'0, z)zdv'0 
>*М( , 2 ) = ƒ (ц/с)
 о
со830 
(A 8) 
(A 9) 
where y has been replaced by vo and accordingly ± L/2 by v'± 
One has 
f ff((v-v'0),z)^ = l (AIO) 
We can evaluate (A9) assuming that all factors, save g((v — v'0), 
z), vary little over the region where irt(v —v'0),z) is non-zero 
For zp/D = U 5, /
>
0 = lbar and a pure NHj jet the following 
parameters hold Т
Я
 = 73К (Fig 6), öM;a05mbar (Fig 7) and 
¿J =450MHz (Table Ц where A is a measure for the total 
hnewidth With a pressure broadening of 40MH7/mbar and a 
translational temperature equal to TR, the colhsmnal hnewidth 
Δν[Ρ and Doppler broadening AvD are given by 
Λ v p * 20 MHz 
¿JV D Ä150MIIZ 
20 
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Table 5 Wavenumber, ν absorption strength, a, line strength, S, and transition dipole moment, 
μ
οι
, of several v, band transitions of NHj 
Transition 
ο6(1 1) 
seen 
s«2,l) 
a« 2 2) 
*sQi2,2) 
aQ(3.2) 
J« 3,2) 
« « 3 3) 
*se(3,3) 
β6(4,3) 
*sß(4 3) 
*«6(4,4) 
60(4,4) 
sQ(5,4) 
oß(5.5) 
*sß(5.5) 
*'6(6.5) 
*'β(6,6) 
*aR(0,0) 
*sR(l,0) 
*íR(l,l) 
*oR(2,0) 
*oR(2,l) 
ÎR(2,I) 
*sR(3,0) 
*sR(3,l) 
*sR(3,2) 
i«(3,3) 
*aR(4,0) 
*aR(4,l) 
*aR(4,2) 
*sR(5,0) 
*sR(5,I) 
*sR(5,2) 
*sR(5,3) 
*oR(6,0) 
*flR(6,3) 
aR(6,4) 
v[cm '] 
3335 19 
36 96 
3336 73 
34 91 
36 73 
3334 40 
36 12 
34 61 
36 42 
3333 91 
35 64 
34 16 
35 98 
3335 04 
33 65 
35 47 
3334 40 
34 91 
3355 00 
3376 29 
76 32 
3393 81 
93 84 
95 60 
3414 63 
14 68 
14 82 
15 09 
3431 89 
3189 
32 02 
3452 52 
52 56 
52 63 
52 76 
3469 71 
69 83 
69 98 
a[m 'Torr"1] 
1 33 (9) 
1 18 (6) 
0 57 (4) 
2 19(15) 
2 23(15) 
1 37(10) 
1 31(10) 
5 80(29) 
6 05(30) 
3 21(22) 
3 12(15) 
3 04(15) 
3 14(30) 
156(11) 
2 97(20) 
3 04(20) 
1 42 (7) 
4 70(18) 
179(13) 
381(11) 
1 29(20) 
4 47(14) 
2 16(15) 
2 08(15) 
4 91(20) 
2 25(12) 
193(11) 
2 30(12) 
4 08(16) 
196(16) 
179(14) 
3 17(13) 
1 55 (9) 
144(10) 
2 64(1») 
2 28(10) 
2 03(14) 
0 95 (7) 
Х [ с т - г а 1 т 'JxlO 2 / j
o l [ D ] x l 0 2 
10 7 (7) 
9 5 (5) 
4 6 (3) 
17 6(12) 
17 9(12) 
110 (8) 
10 6 (8) 
46 7(23) 
48 7(24) 
25 8(18) 
25 1(12) 
24 5(12) 
25 3(25) 
12 5(9) 
23 9(16) 
24 5(16) 
114(6) 
37 8(15) 
14 5(11) 
31 0 (9) 
10 5(16) 
36 6(11) 
17 7(12) 
17 1(12) 
40 4(16) 
18 5(10) 
15 9 (9) 
19 0(10) 
33 8(13) 
16 2(13) 
14 8(12) 
26 4(9) 
12 9 (8) 
12 0 (9) 
22 0(16) 
19 1 (9) 
17 0(12) 
8 0 (6) 
2 41 (8) 
2 27 (6) 
2 34 (8) 
2 22 (8) 
2 24 (8) 
2 44 (9) 
2 39 (9) 
2 26 (6) 
2 31 (6) 
2 32 (8) 
2 29 (6) 
2 25 (6) 
2 29(11) 
2 27 (8) 
2 31 (8) 
2 34 (8) 
2 34 (6) 
2 26 (5) 
2 34 (9) 
2 52 (4) 
2 47(19) 
2 46 (4) 
2 54 (9) 
2 49 (9) 
2 57 (5) 
2 54 (7) 
2 55 (7) 
2 47(6) 
2 56 (5) 
2 52(10) 
2 52(10) 
2 61 (5) 
2 58 (8) 
2 56(10) 
2 55 (9) 
2 75 (7) 
2 65(10) 
2 65(10) 
* Used in jet absorption 
While pressure broadening is negligible for larger z/D, the 
Doppler broadening is still one third of the measured Δ By 
Doppler broadening we mean the broadening seen on one 
position ν The total line shape is still delermmed mainly by the 
Doppler shifts for the diflerent positions y This causes problems 
for the integration (A 9) at the edges of the line shape where the 
other terms vary rapidly with v'0 For small z/D the pressure 
broadening gets in the order of Δ and in that region the 
calculation of (A 9) becomes unreliable Thus, within this 
approximation the ^-function can be replaced by a ¿-function 
The result for (A 9) is 
/1«(ν.ζ) = ΐ ( ν , ζ )
ρ Μ
( ν ,
ζ
) ( - — — Ц - — - ì (All) 
When /lM(v0) is measured one does not probe exactly on the 
molecular-beam axis but integrates over a certain region That 
region gels narrower if the translational temperature becomes 
lower Equation (A 11 ) is used to simulate the line shape of Fig 3, 
with S(v, z) constant and ρ^ν, z) set equal to the density 
distribution of an isentropic expansion 
в
*-
і)
-
аям(Чг)~1со*к'И1)· (A,2) 
b = 50 and öpMÄ2 6rad, interpolated from [13] In Fig 3, 
evidently, the calculated absorption is amplified as a result ofthe 
larger pathway for larger angles The calculation is limited to 
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75% of the maximum Doppler shift (і„'с)
 0 (340MHz) This 
a\oids the singularity at 0 = π/2 and the edges ofthc line shape, 
where (All) becomes inaccurate 
Measurements οΓ,4
Μ
(ν0) for the dilTcrcnt rotational levels (J, K) 
contain the information on the rotational distribution fik and 
molecular density ρ^ζ) The hncslrcngth SjK may be written as 
/2ΐΓ 2Πον 0/1^|^ 0 | | 
V 3F0CA 
•IJK (A 13) 
where AjK is the Honl-London factor and /j 0 1 is the transition 
dipole moment for a thermal distribution characten/ed by a 
rotational temperature /
д
 one has 
/JK-
9/«ехр( Рцс/кТц) _
 =
 </
ук
ехр(- EJKlkTR) 
J κ 
Thus 
л^К.*): 2л
2
п0д1К exp(- EjK/kTR)Aj^a, |2eM(z)z 
(A 14) 
(A 15) 
Using this expression the experimental data yield Т
я
 and ρ4 The 
calculation of TR does not depend on the absolute value of (A 15) 
It must be remarked, however, that TR is the mean value over a 
region around the molecular beam axis 
The calculation of вм depends on the absolute value of (A 15) 
and is therefore very sensitive 10 approximations used and 
calculations carried out It is also a mean value like Т
я
 The 
assumptions Т
я
 = TT and (z/O),. = 0 introduce uncertainties 
specially for small Zp/D Therefore ρ
Μ
 cannot be determined with 
the same accuracy as TR 
Appendix В 
Transitions in the v^Band of NH 3 with Their Wavenumbers, 
Absorption Strength. Line Strength, 
and Transition Dipole Moment 
The quantities arc expressed in the most commonly used units, 
thus deviating from the MKS system ofunils 
The wavenumbers, ν [cm " ' ] arc from Benedict et al [14] The 
absorption strengths, ot [m 'Torr ' ] , were measured by an 
absorption experiment in gas at 295 К The line strength, S 
[ c m - 2 a i m - ' ] , is calculated through (A2) using the Doppler 
line shape at 295 К The transition dipole moment, μ
οί
 [Debye], 
is calculated with (A 13) and (Λ 14) using the Honl-London 
factor The transitions indicated with (*) were used in the 
determination of Т
я
 and QM 
The transitions and the quantities mentioned above are 
presented m Table 5 
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APPENDIX С 
There are a few points of interest, that have been clarified after extended 
research. 
CT. Double peak structure 
The infrared absorption of CO~ clusters in chapter III did not indicate pre­
ferential clustering on the jet axis, on the contrary, for constant ζ /D values 
more clusters are detected off-axis, due to the lower local temperatures. 
The lower temperatures for larger Θ, caused by the longer distance from 
the nozzle, bring on a higher population of low rotational states.This effect, 
combined with the integral along the inhomogeneous CCL pathway, (5) , renders 
a double peak structure as calculated by Caveau et al [22]. 
In the case of NH_ the double peak is partially caused by pressure broad­
ening. The absorption decreases due to pressure broadening, proportional to 
the local density. The density is highest on the jet axis and therefeore the ab­
sorption at center frequency will be attenuated most. It is observed that for 
small ζ /D the off center absorption increases faster with increasing stagnation 
pressure than the center frequency absorption. 
C2. K-dependence In Boltzmann plots 
In f i g . 5a a clear K-dependence is noted. This is due to the effect of 
K-dependent pressure broadening, Δ\>„· Baldacchini et al [23] have measured 
AVQ for the v~ transit ion; AvR increases with K, including K=0. This contradicts 
f i g . 5a, which indicates a different behaviour for K=0. However, this is due to 
an artefact; the K=1 absorption benefits from the overlapping K=0 transition and 
shows therefore too large an absorption. The Boltzmann plot of chapter V, at 
ζ /D=0.3 and a stagnation pressure of 95 T o r r , is examined; the overlap of 
lines is negligible and the K-dependence as predicted [23] . 
For bulk gas absorption at low pressures one derives for the absorption 
strength, 
o(v ) = ЗхО.ЭД/Л г, (A. 16) 
о и 
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Table 6: Pressure broadening coefficients for several ν* and v . transitions с 
NH-. The relative values of Л
 д
 originate from the Boltzmann plot 
v*, and Baldacchini et al [23], ν?; absolute values of Δν« [HWHM, i 
MHz Torr J came from bulk absorption, v1, and [23], v . . 
v 1 v 2 V, 
transition AVrjiabs) Avr.(abs) transition Д
 п
( г е І ) Д дСгеІ) transition 
aRCO^) 
sR( l ,1) 
a R C U ) 
sR(2,2) 
aR(2,2) 
sR(2,1) 
aR(2,0) 
s R O ^ ) 
sR(3,2) 
sR(3,0) 
aR(4 /4) 
aR(4 /3) 
aR(4,2) 
aR(4,0) 
22(5) 
22(3) 
14(3) 
20(4) 
22(2) 
16(3) 
17(3) 
25(5) 
25(5) 
18(4) 
10(5) 
23(5) 
19(4) 
15(3) 
11(3) 
12.0 
22.5 
12.5 
17.5 
15 
20.5 
13.0 
22.0 
16.5 
20.0 
14.0 
21.0 
16.5 
16.5 
13.5 
12.0 
13.0 
aR(0,0) 
aQ(1,1) 
sP(1,0) 
aQ(2,1) 
a P U J ) 
sP(2/1) 
aP(2/0) 
aQ(3,3) 
aQ(3,2) 
sP(3,2) 
sP(3,0) 
aQ(4,3) 
sP(4/3) 
30(4,2) 
sP(4,2) 
sP(4,1) 
aQ(6,1) 
0.51 
1.04 
0.53 
0.75 
0.64 
0.88 
0.56 
0.94 
0.71 
0.85 
0.60 
0.90 
0.71 
0.51 
0.56 
0.57 
0.62 
0.48 
0.87 
0.62 
0.53 
1.00 
0.94 
0.86 
0.65 
1.01 
0.95 
0.67 
0.70 
aR(0,0) 
sR(1,1) 
sRi^O) 
sQ(2,2) 
aR(2,1) 
aR(2 /0) 
50(3,3) 
30(3,3) 
sR(3,2) 
sR(3,0) 
aQ(4,4) 
sQ(4,3) 
aR(4,0) 
aR(6,0) 
24 
where Δ ν p. is the Doppler broadening, determining the lineshape function 
G(v-v ), ( A . 2 ) . At high pressures G(0) is determined by pressure broadening, 
a(v ) = Sx0.64/AvD.p (A.17) 
О D 
The absorption reaches a constant value from which S/AvR can be determined. 
From the low pressure behaviour S is determined and Δν„ can be calculated. 
This only holds for well isolated lines that show no overlap. With this method va­
lues for AvR (HWHM) have been determined. The results are displayed in table 
6. 
This line of thought also holds qualitatively for the jet absorption. The 
Boltzmann plot for ζ /D=0.3 and ρ =95 Torr is used to extract a relative meas­
ure for AvR; AvR is taken proportional to the deviation of the data points from 
the f i t ted straight line; displayed in table 6 are AvR/Avp. (sQ(3,3)) ; also dis­
played are the absolute and relative values of Baldacchini et al [23]. The transi­
tions displayed together do not always have the same lower and upper state. 
Table 6 indicates the same qualitative (J,K) dependence in all three cases. 
The quantitative agreement is also reasonable; one would expect a higher AvR 
for the v . band because the inversion splitt ing is larger in the v« state than in 
- 1 - 1 
the v. state (36 cm against 0.8 cm ). This is not the case within the exper­
imental uncertainties. 
C3. Background gas correction 
The employed background gas correction method implies that the boundary 
layer between background gas and central core of the jet is at room temper­
ature, or that the part of the boundary with a temperature significantly lower 
than room temperature does not contribute measurably to the total absorption. 
Measurements by Martin and Boscher [24] indicate temperatures between jet and 
room temperature in a CO expansion boundary layer. Goffe [25] has calculated 
and measured the position and dimension of the boundary layer. Although for 
our experiment the contribution of the boundary layer is calculated to be con­
siderable, with an intermediate boundary layer temperature causing an athermal 
Boltzmann plot for low rotational states, this effect was not observed by us. 
The intermediate temperature region is perhaps absent due to the fast rotational 
relaxation of NH-, chapter V. Therefore the employed correction method is 
considered just i f ied. 
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Ct. Flow velocity 
Double resonance measurements (IRDR) as performed in section 2.4. pro­
vide a way to determine the flow velocity ν . The position of the CO- laser spot 
determines θ in (A.7) . Then the measured Doppler shift of the resultant IRDR 
lineshape (see chapter V) yields a value for ν , through (A.6). This method 
has not been applied yet. 
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CHAPTER III 
INFRARED LINE NARROWING AND CLUSTER ABSORPTION IN A PLANAR JET 
ABSTRACT 
Infrared laser absorption by a planar molecular jet is studied. The absorp-
tion lineshape is narrowed by a factor of 2 to 3 as compared to the absorption 
lineshape in bulk gas. The infrared absorption of CO- clusters is observed d i -
rectly in a jet. The formation of clusters in a jet is monitored for different mix-
tures and distances from the nozzle. 
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7. INTRODUCTION 
In a previous paper [1] we have studied the infrared laser absorption by 
an axisymmetnc jet. This method is now applied to a planar jet, expanding from 
a slit nozzle. The flow properties of such an expansion are summarized by 
Hagena [2] and studied experimentally by Beylich [ 3 ] . The planar jet has been 
used by Amirav et al [4] to enhance the UV absorption through a jet and by 
Sulkes et al [5] to obtain a slow cooling process. 
Infrared spectroscopy of clusters is performed succesfully by the vibra­
tional predissociation technique [ 6 ] , but is also accessible via direct linear ab­
sorption measurements in cooled cells [ 7 ] . We report the f i rs t observation of 
linear absorption of clusters formed m a jet. Godfried and Silvera [8] have re­
ported on the spectrum and formation of clusters m a jet by Raman scattering. 
Section 2 describes the experimental set-up. In section 3 we report on the 
observed absorption sub-Doppler Imeshapes for expansions of C0~, NO and 
NH~. For a CO- expansion the rotational temperatures and absolute absorption 
intensities have been determined. These monomer absorption measurements are 
discussed in section 4. Section 5 describes the infrared absorption by CO^ clus­
ters. It contains absorption spectra for different mixtures of CO- in He. The 
absorption is monitored for different distances from the nozzle, for different gas 
mixtures. In section 6 these cluster data are discussed Section 7 contains the 
outlook for infrared laser absorption m a planar jet. 
2. EXPERIMENTAL 
The infrared laser radiation is produced by a color center laser, CCL 
+ (Burleigh FCL-20) which is pumped by a Кг laser (Coherent 2000 K). The 
pump laser beam is modulated by an electro-optic modulator (EOM). The f r e ­
quency of the single mode CCL radiation can be tuned continuously between 
3100 cm and 4160 cm The output power is of the order of a few mW. The 
frequency stability is always well within the measured linewidths. 
The infrared laser beam passes through the absorption cell as sketched m 
f igure 1. It is focused to a waist which has a diameter of 0.25 mm averaged over 
the slit length. The transmitted radiation is focused on a pyro-electric detector 
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Figure 1: Schematica! set-up. The 
CCL beam travels along the y-axis, 
is focused by lens LI into the planar 
jet and by lens L2 onto the 
pyro-electric detector. The gas flow 
can be modulated by piston P. 
In this set-up the infrared laser beam is chopped at 640 Hz by the EOM and the 
beam intensity is detected phase sensitively with a lock-in. 
The laser beam travels in the y-direct ion, normally parallel to the sl it. The 
slit position can be varied along the z- and x-axis. Also it can be turned so 
that the slit direction is along the x-axis. The stainless steel slit has a length, 
* * 
L, of 9.0 mm and a width, D , of 0.10 mm, giving an aspect ratio, L/D , of 90. 
The wall thickness is 0.1 mm; it is formed by spark erosion. Measurements are 
also presented for a circular nozzle expansion. The circular nozzle has a diam­
eter, D, of 0.25 mm and a wall thickness of 0.1 mm. The expansion cell is evac-
3 3 
uated by a 370 m /h (section 3) or a 775 m /h (section 5) booster pump 
3 (Edwards EH 500/1200), backed by a 50 m /h motor pump. The background cell 
pressure has been as high as 3 Torr , in which case the pumping speed of the 
booster pump starts to deteriorate. In the expansion standard CO-, CO- mixed 
with He, NO and NH- have been used. 
The infrared intensity is detected with the pyro-electric detector. To in­
crease the sensitivity the CCL intensity is monitored by a reference detector 
and actively stabilized by feeding this reference intensity back to the EOM. In 
-4 this way the short term intensity fluctuations become smaller than 5χ10 (τ=1 
s ) . To eliminate gas-independent fluctuations the gas flow is chopped by an 
air-driven piston ( f i g . 1) which opens and shuts the nozzle at frequencies <5 
Hz. A second lock-in measures the gas flow induced intensity variations and 
-4 
therefore the infrared absorption. The detection limit is 1x10 with 30 s inte­
gration time. 
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3. RESULTS FOR MONOMER ABSORPTION 
3.1. Absorption line shapes 
The frequency is tuned to the R(6) transition of the ( v , + v 3 ) vibrational 
band of CO-. In f igure 2 the absorption Imeshapes are displayed for a slit noz­
zle expansion (a), for bulk gas absorption (b) and for a circular nozzle expan­
sion ( c ) . The Doppler width is 207 MHz at 295 K, the ful l width at half maximum 
(fwhm) in b. The linewidths in a and с are calibrated against b. The fwhm for 
c, 350 MHz, decreases with increasing distance from the nozzle, z, to a minimum 
of 320 MHz. The fwhm for a is 92 MHz and sub-Doppler. The same hnewidth im­
provement (factor 3 if a is compared to c) is observed for expansions of NO, 
Figure 2: Absorption lineshapes. For a slit nozzle expansion of CO- at a stag­
nation pressure ρ =100 Torr and a distance from the nozzle i=t A mm in a. For 
bulk gas of CO- ot a pressure of 50 mTorr in b. For a circular nozzle expan­
sion of COy at po=380 Torr and z=0.28 mm in c. Indicated is the FWHM in MHz. 
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МЬЦ (probing the 2+0 overtone band and the v« band respectively) and mixtures 
of CO- with He. For a mixture of 100 Torr CO- and 500 Torr He a width of 69 
MHz is found. Turning the slit parallel to the x-axis gives lineshapes which re­
semble с and are far less intense. 
The slit nozzle produces a lineshape with a sharp maximum; this in con­
trast to the circular nozzle, of which the lineshape has a broad maximum, as al­
so reported by Mizugai et al [ 9 ] . The increase in resolution can therefore 
amount to a factor 10, going from a circular to a slit nozzle expansion. 
3.2. Rotational temperature and absorption Intensities 
For an expansion of CO- we have measured the absorption on different ro­
tational lines for the planar and axisymmetric jet. By plotting the normalized 
line absorption semi-logarithrnically against the rotational energy, E , a Boltz-
mann plot is obtained [ 1 ] . No deviations from thermal equilibrium were de­
tected. The slope of the Boltzmann plot gives the rotational temperature, Τ . 
The intercept with the E =0 axis, B, multiplied with the state sum, Q, is a mea­
sure of the absorption intensity. Τ and BQ are determined for stagnation pres­
sures of 190 T o r r , 380 Torr and 760 T o r r . In the double logarithmic plot of 
f igure 3, the reduced temperature, Τ /Τ (Τ denotes the stagnation temper­
ature) is shown for the different experimental conditions as function of the re-
duced distance from the nozzle, z/D (circular) and z/D ( s l i t ) . In f igure 4 
InBQ is plotted against Inz together with the theoretical curves from section 4. 
The absorption of the R(46) transition is measured as a function of z. The 
population of this rotational level (E =843 cm ) is negligible in the jet because 
it is cooled away. Therefore it gives a measure of the jet dimension, δ.. [ 1 ] . For 
the circular nozzle δ,, increases with z, from δ,.=2.8 mm at z=0.28 mm to δ..=17 M M M 
mm at z=8.8 mm. For the slit nozzle δ., is practically constant from z=0.0 mm to 
z=4.4 mm, namely 6..=8mm. From the background gas absorption the background 
gas pressure is calculated. For a stagnation pressure of 190 Torr the back­
ground pressure, p. , amounts to 0.011 Torr and 0.16 Torr respectively, for a 
circular and slit nozzle expansion. 
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Figure 3: Rotational temperatures; Τ /Τ is plotted against z/D and z/D for 
an axisymmetric [a) and planar ¡et [b), double logarithmically, for ρ =190 Torr 
( Τ ) . po=380 Torr [Φ) and ρ =760 Torr [к). 
In BQ In BQ 
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Figure Ч: Monomer absorption intensities; InBQ is plotted against Inz for an 
axisymmetric [a) and planar jet [b) for ρ =190 Torr [J), ρ =380 Torr [Φ) and 
Ρ
ο
=760 Torr [к). The drawn straight lines are the theoretical curves calculated 
'ro< 
Torr [upper). 
fr m [16) and [17) for Po=190 Torr [lower), ρ =380 Torr [center) and ρ =760 
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t. DISCUSSION OF MONOMER ABSORPTION 
4.1. Absorption lineshapes 
The linewidth for a planar jet can be 3 to 4 times smaller than for an axi-
symmetric jet. The explanation lies in the fact that the Doppler shifts are v i r t u ­
ally absent for a planar jet. Along the absorption path through an axisymmetric 
jet the infrared beam encounters groups of molecules travell ing with different 
bulk velocities relative to the beam path [1,10] . The resulting frequency shift, 
Δν, equals 
Δν = (v/c)sine ν (1) 
о 
where ν is the bulk flow velocity and θ the angle of the flow direction with the 
z-axis. Along the absorption path through a planar jet all groups of molecules 
have the same bulk velocity, namely parallel to the z-axis (θ=0 in ( 1 ) ) . For an 
infinitely long slit this follows from symmetry considerations. The planar jet l i ­
newidth is determined by random translational motion (Doppler broadening), and 
* 
pressure broadening, which turns out much smaller at practical z/D . The Dop­
pler broadening decreases as the translational temperature drops. From f i g . 3b 
one infers for f i g . 2a Τ =30 К. Assuming thermal equilibrium between trans­
lation and rotation this leads to a Doppler width of 66 MHz, whereas we meas­
ured 92 MHz. The discrepancy is explained by a residual Doppler shift effect, 
caused by a diverging flow and characterized by 6=3 as follows from (1). For 
our slit nozzle this imposes a lower limit to line narrowing. The lineshapes for 
NO and NH- show similar behaviour. 
Adding He to the expanding CO- molecules brought on a reduction of 
linewidth of 25% at most. The seeding with He decreases the temperature and 
therefore the Doppler width, but it increases the flow velocity and therefore the 
Doppler shift . These two effects of seeding tend to cancel each other. 
The measurements of the jet dimension, 6.., support the model presented 
above. For the axisymmetric jet 6.. increases with z, i l lustrating the expanding 
size of the jet and diverging streamlines. For the planar jet 6 M is constant with 
z, which agrees with parallel streamlines. Perpendicular to the slit direction the 
streamlines are also diverging, as indicated by the lineshape for the slit per­
pendicular to the beam. 
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4.2. Rotational temperatures and absorption intensities 
Before interpreting the results an expression is derived for the absorption 
through a planar jet. The total absorption is a path integral over a homogeneous 
medium in contrast to the axisymmetric case where the integrand is position de­
pendent. 
The absorption A(v) is 
А Ы = l n [ l o ( v ) / l ( v ) ] (2) 
where I (v) is the incident intensity and l(v) is the transmitted intensity. 
I(v) = l 0 ( v ) e x p [ - ƒ a ( y M y ) d y ] (3) 
where a(y) is the absorption strength and p(y) the molecular density. For a(y) 
a(y,v) = S(y)G(y,v) (4) 
where S(y) is the line strength and G(y,v) is the lineshape function. Substi­
tution of (4) into (3) and of (3) into (2) yields: 
A(v) = LpSG(v-vo) (5) 
The absorption length is taken equal to the slit length, L, and ν is the line 
frequency. For a rotational state J of the CO- molecule 
2 l , 2 n o v o H J l v 0 1 | 2 f J 
Sj = (6) 
3ε eh 
о 
2 2 - 3 -1 
where η is the unit molecular density (n = 3.27x10 m Torr at 295 
о о 
Κ); H. is the Hönl-London factor; IVn-il equals the strength of the transition 
dipole moment. Also 
f j = g j e x p i - E / k T ^ / Q (7) 
where f . denotes the fractional population of the rotational state J . Substitution 
of (6) into (5) yields, at a distance ζ from the nozzle, for v=v , 
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A j U ) = Lp(z)G(0)2 1 i 2 n o v o H J |v 0 1 | 2 f J /3 E o ch (8) 
In the Boltzmann plots we plot ln(A .(z)/H .g .) against E . The intercept, В 
s ' 
with the E =0 axis equals 
B s(z) = L 2 l i 2 n o v o b 0 1 | 2 p s ( z ) G ( 0 ) / 3 E o c h Q s O) 
where the subscript "s" stands for sl i t . The product В Q yields 
B s (z)Q s = L2iT2novo |y0 1 |2ps(z)G(0)/3£ och (10) 
This quantity В Q is a temperature independent measure for the absorption in­
tensity. For the circular nozzle one has [ 1 ] , 
В (z)Q = 2ιτ2η ν |v n l | 2 p (ζ)ζ/3ε hv 
с с о о' 0 1 ' r c o s (11) 
where ν is the flow velocity and "c" stands for circular. s 
To get an insight in the expressions for BQ, we introduce expressions for 
P s (z), p ^ z ) , G(0) and v s . 
Ps(z) = 0.136 (D / z ) p o 
Pc(z) = 0.086 ( 0 / ζ Γ ρ ο 
G(0) = 0.94/Δν
Γ 
^ = ( c / v U v 
s о 
(12) 
(13) 
(14) 
(15) 
where (12) and (13) were taken from [2] (p is the stagnation density), Δνρ. is 
the Doppler width at the local jet temperature and Δν=(ν /c)v is the maximum 
Doppler flow shift [ 1 ] . We substitute (12) to (15) into (10) and (11), 
В (z)Q s s 
2 l , 2 n o v o l v 0 1 | 2 
3ε he 
о 
0.128A 
J L ' J L Δ ν 0 J 
(16) 
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B c ( z 4 
ч 2 ι ,2 
3ε he 
о 
0.109Α 
Δν 
(17) 
* * 2 
where A =LD and A = ( T I / 4 ) D are the slit and circular nozzle area, respectively. 
* 
If A =A, the gas flow through the nozzles is the same and the ratio of absorp­
tion intensities, the f igure of merit, M=B Q /B Q , becomes 
M 1.17 Δν/Δν D (18) 
Thus an enhanced absorption in a slit nozzle expansion is the consequence of 
the reduction of line width. 
A remarkable feature appears if one calculates the slit nozzle absorption 
with the slit oriented perpendicular to the infrared beam (along the x-axis). 
Then the infrared beam crosses an inhomogeneous medium analogous to the axi-
symmetric jet. The absorption intensity follows from (11) with the density ρ of 
(12). This leads to 
B' Q = 
s s 
2 1 Г
Чл>01 | 2 
3e he 
о 
0.109A 
Δν 
(19) 
Thus, Β' Q is independent of z, as long as our assumption holds; in particular 
B' Q >B Q for distances z > ( l . 17(Av/Avp.))L. This is the region where our as­
sumptions, e.g. parallel streamlines along the slit direction, become disputable. 
The f igure of merit M' becomes 
M' i/L 
Absorption Intensities 
In f igure 4 we have plotted double logarithmically the experimental values 
for В (z)Q (z) and В (z)Q (z) vs z, together with the calculated curves from 
(16) and (17), assuming Δν
π
=100 MHz. For the circular nozzle the agreement is 
good for ρ =190 Torr and z/D>2. For z/D<2 the experimental curve flattens be­
cause (13) does not hold anymore and because pressure broadening reduces the 
absorption intensity. For higher stagnation pressures the agreement is less 
good, with discrepancies up to 25%, due to condensation. 
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For the slit nozzle the agreement is worse. The experimental points lie sys­
tematically about 50% lower than the theoretical curve. This is mainly caused by 
the pressure drop between the pressure gauge, which registrates ρ , and the 
nozzle exit. The gas system can not supply enough gas. This is evident from 
the measured background pressures, which should, for the same 
* * 
ρ , be proportional to the nozzle area; A /A=18, but p. /p. =14. This, com­
bined with the experimental fact that the pump speed decreases for higher ρ, , 
indicates a loss of flow through the slit nozzle of about 35%. The experimental 
behaviour as a function of ζ is reasonably described by the theoretical curve, 
considering that Δνρ. increases for low ζ due to higher temperatures and pres­
sure broadening. 
The remark by Amirav et al [ 4 ] , that the absorption could be enhanced by 
three orders of magnitude using a slit nozzle is misleading. In their experiment 
the absorption is enhanced mainly because of the larger flow rates induced by 
the larger slit nozzle opening; the same could also be achieved in their case by 
using a circular nozzle with a diameter of 3.0 mm. 
An advantage of the circular nozzle over the slit nozzle is that one can 
probe lower densities for large ζ with the same sensitivity (compare (12) and 
(16) with (13) and (17)). An advantage of the slit nozzle is the slower variation 
of temperature and density with ζ [ 2 ] . Which nozzle source is optimal for relaxa­
tion experiments in a jet is determined by these arguments [ 5 ] . 
The case where the beam travels perpendicular to the slit direction has not 
been checked experimentally by us. Jouvet [11] has observed for LIF 
B' Q >B Q . This was, however, partially due to a collapse of the shock walls. 
s s S S r r ι f 
In a high pressure background the boundaries of the planar jet move toward 
each other, as reported by Beylich [ 3 ] , thereby diminishing the effective path 
length for increasing z. 
This work indicates that (16) and (17) are reasonable expressions for the 
absorption intensity. 
Rotational temperatures 
Hagena [2] gives for a condensation free jet the relation between 
ln(T /T ) and ln(z/D). For an axisymmetric jet , 
ln(T /T ) = In К -2 ( ï -1) ln(z/D) (21) 
г о c c 
and for a planar jet 
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Ιη(Τ /Τ ) = In Κ - ( ϊ - D l n U / D ) (22) 
г о s s 
where an equilibrium between translational and rotational temperature is as­
sumed. For the circular nozzle the steepest decrease of (T /T ) m f igure 3 is 
f i t ted by a straight line yielding К =0 38(3) and У =1 35(3); for the slit nozzle 
the same procedure yields К =0 35(3) and У =1.32(3) Both sets of values are 
obtained for the lowest stagnation pressure, 190 Torr 
For a condensation free jet of CO-, У=1.40, due to the fact that the v i ­
bration of CO- does not relax on the expansion time scale For У=1 40, Hagena 
gives К =0 375 and К =0 45 The values of К and У are m reasonable agree-
э
 с s c c 3 
ment, the values of К and У are somewhat low. This is due to condensation s s 
The influence of condensation is obvious for higher stagnation pressures, where 
the heat of condensation results in an increase of Τ 
r 
Equations (21) and (22) do not hold for z/D<2 and therefore do not de­
scribe the behaviour of T m that region. The deviation of a straight line in 
f igure 3 for higher z/D is caused, in most cases, by condensation In the case 
of ρ =190 Torr and an axisymmetric expansion it could also be due to rotational 
freezing. Calculations of Quah et al [12] would yield m our case a rotational 
collision number, Ζ =1.5(3), which is not unrealistic In all other cases rota­
tional freezing is not present. 
From f ig 3 one concludes that the same stagnation pressure gives rise to 
* 
more clustering for a slit nozzle with width D =0 10 mm than for a circular noz­
zle with diameter D=0 25 mm The difference m Τ /Τ for ρ =760 Torr is str ik-
r о ' о 
m g . The reason is that in a planar jet the molecules have more time to cluster 
because the drop m temperature and density is slower. Hagena [2] shows that 
for D =D, (dT/dt) =5(dT/dt) . Both expansions are supersaturated, but the 
probability for clustering is larger in the planar jet . 
5. RESULTS FOR CLUSTER ABSORPTION 
S.I. Infrared spectra of CO y clusters. 
The infrared absorption of the clusters m the planar jet is measured by 
shift ing the laser frequency discontmuously between each pair of measurements. 
Scanning the laser continuously would have introduced extra noise. Monomer 
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absorpt ions at c e r t a i n s h a r p f r e q u e n c i e s o b s c u r e t h e much weaker c l u s t e r ab­
s o r p t i o n f o r those f r e q u e n c i e s . T h e f r e q u e n c y bands t h a t have not been meas­
u r e d due t o t h e monomer a b s o r p t i o n s amount t o 15% of t h e t o t a l f r e q u e n c y 
r e g i o n . T h e monomer a b s o r p t i o n s p e r m i t f r e q u e n c y c a l i b r a t i o n w i t h t h e help of 
t h e t r a n s i t i o n f r e q u e n c i e s of Gordon et al [ 1 3 ] , t o an accuracy of 0.05 cm 
In f i g u r e 5 t h e s p e c t r a are d i s p l a y e d f o r t h r e e d i f f e r e n t CO^-He m i x t u r e s 
at a tota l p r e s s u r e of 1520 T o r r . In t a b l e 1 t h e c h a r a c t e r i s t i c s of each measure­
ment are d i s p l a y e d , i n c l u d i n g t h e maximum a b s o r p t i o n . A , and t h e w i d t h of t h e 
i n f r a r e d b a n d , Δ ( f w h m ) . Τ has been measured f o r a and c, c o n s i d e r i n g t h e 
monomer a b s o r p t i o n , and has been est imated f o r b . 
Table 1: Characteristics of cluster spectra from figure 5. 
C 0 2 ( % ) 
* -1 
Spectrum seeding z/D Τ ( Κ ) Α . 100 Д ( с т ) 
f r a c t i o n 
а 38 11 59(3) 0.46 4 . 5 
b 60 11 70(10) 0.55 5.3 
с 100 5.5 107(20) 0.68 11.5 
5 . 2 . Absorption intensity 
For a f i x e d f r e q u e n c y , 3713.7 cm , t h e dependence of t h e a b s o r p t i o n . A , 
on t h e distance f r o m t h e nozzle, z, is d e t e r m i n e d f o r several CO- m i x t u r e s . I t 
fol lows f rom (16) t h a t t h e a b s o r p t i o n i n t e n s i t y is p r o p o r t i o n a l t o ( 1 / z ) . T h e r e ­
f o r e in f i g . 6, t h e a b s o r p t i o n is m u l t i p l i e d b y z, and d i s p l a y e d as a f u n c t i o n of 
z/D . We have also measured ( n o t shown) t h e dependence of A on t h e out of 
p lane displacement, x , f o r several values of z, as w i l l be d iscussed in section 6. 
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6. DISCUSSION OF CLUSTER ABSORPTION 
6.1. Infrared cluster spectra 
Gough et al [14] report the band center of the CO- dimer (v., •v.,) absorp­
tion to lie at 3714.8 cm . Their value for the band center of the CO- monomer 
-1 -1 
absorption, 3716 cm , is inaccurate; this should be 3714.8 cm [13]. The 
transition frequency of solid CO- is measured at 3711.5 cm [14]. In general 
heavier clusters are reported to have increasingly red shifted frequencies. 
Our spectra are all red shifted relative to the reported CO--dimer frequen­
cy, due to heavy clustering. Spectrum a is the least red shifted. This is con-
A(e/.) 
0 50 -
010 
dlmer vfcm-
1) 
fixed 
Figure 5: CO- cluster spectra. A Is plotted against ν for a stagnation pressure 
of 1520 Torr and a C02 fraction in He of 384, a (T), 60%y Ь ( · ) and 1004, с [к]. 
Indicated in the frequency scale are the COydlmer and solid (
 ?
+
 3 ) frequen­
cies from [14] and the fixed frequency used In section 5.2.. 
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sistent with the observations of Gough et al [14], that richer CO--mixtures 
yield larger clusters. 
The clustered fraction of monomers can be approximately calculated. As­
sume that the transition strength of the monomer remains unchanged in a clus­
ter. The total band strength of the cluster spectrum is then equal to the band 
strength of the monomers contained. This bandstrength, S ., is approximated 
by, S |=ΑΔ (table 1). The band strength for a 100% monomer expansion, S , can 
be extrapolated from section 4, S =BQAvn.. With ΔνΓ.=100 MHz and BQ from sec-
m и и 
tion 4 we arrive at S ./S =17%, 15% and 15%, respectively, for a, b and c, equal 
to the clustered monomer fraction. If all clusters were dimers this would corre­
spond to dimer mole fractions of about 8%. Milne et al [15] report CO- dimer 
mole fractions not larger than 1%. Thus most of the clusters are larger clusters 
(for instance 1% dimers, 2% trimers and 2% quadrumers). 
In spite of the uncertainty concerning spectral scrambling due to the clus­
ter size distribution some features stand out. Spectrum a is asymmetrically 
shaped, in agreement with Gough et al [14]. The rotational R side of spectrum с 
is very large and suggests the influence of the higher rotational temperature. 
The benefits of this method are twofold. The sensitivity does not depend 
on the laser power; thus weak laser systems, such as diode lasers, could be 
used. The method registrates also absorption in states that do not dissociate 
promptly after infrared absorption and are not properly detected with other 
techniques. The formation of clusters in the jet can be probed as will be shown 
in section 6.2. . Of course the sensitivity of the method has not reached the lev­
el of the predissociation method, yet. 
6.2. Absorption Intensity 
We assume that the absorption which is measured at the fixed frequency is 
roughly proportional to the cluster fraction. This assumption is rather of an ap­
proximate nature. Changing temperatures and changing distributions over clus­
ter sizes make it disputable. 
In f igure 6 we plotted the absorption times the distance from the nozzle vs 
the reduced distance from the nozzle for several mixtures. By this simple ma­
nipulation we arrive at a measure of the cluster fraction in the jet. For a pure 
CO- expansion the onset of condensation shifts to lower z/D with increasing 
stagnation pressures. For ρ =360 Torr and 760 Torr the condensation onset has 
been extracted from the monomer temperature measurements discussed in section 
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A.z (0/o.mm) A.z (7o.mm) 
U 2 8 5 5 11 22 4A . IA 28 5.5 11 22 
z/D' z/D* 
Figure 6: Cluster absorption intensity. The absorption. A, multiplied by г is 
plotted against ilD , displayed logarithmically, for several COj-He mixtures. 
The combinations of ρ ( C O ? ) + p [He) are: 
380 Torr+O Torr (V), 380 Torr+380 Torr (0), 380 Torr+760 Torr ( о ) , 
380 Torr+IHO Torr (Δ), 760 Torr+0 Torr (•}, 760 Torr+380 Torr ( · ) , 
760 Torr+760 Torr f i ) , 1140 Torr+0 Torr ( 7 ) , 1140 Torr+380 Torr [9), 
1520 Torr+0 Torr (A) and 1900 Torr+0 Torr ( n ) . The indicated uncertainties for 
760 Torr+0 Torr (Τ) are valid for all combinations. 
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4 and was found to be z/D =12 and z/D =4.5, in agreement with f i g . 6. Adding 
* 
He shifts the formation of clusters again to smaller z/D . This effect is very 
clear for ρ (CO-)=380 Torr and 760 Torr and is caused by the increased cooling 
rate of the mixture, so that it reaches cluster conditions earlier in the expan-
* 
sion. The cluster fraction seems to reach a constant value for high z/D ; a val­
ue that is not critical on the used mixture. Our measurements for one fixed 
frequency do not enable us to draw fur ther conclusions. 
The measurement of the absorption as a function of the out of plane dis­
placement χ does not show preferential cluster absorption on the jet axis (x=0). 
A more accurate measurement of the dependence of cluster fractions on dis­
tances ζ and χ would consist of measuring complete spectra for combinations of 
( z , x ) . 
7 CONCLUSIONS 
The use of a slit nozzle expansion is shown to yield a much higher spectral 
resolution in view of infrared spectroscopy. This higher resolution (up to one 
order of magnitude) is paired to a somewhat higher absorption intensity if com­
pared to a circular nozzle expansion with the same gas flow. Formulas are given 
which describe the absorption intensities of slit and circular sources. The ab­
sorption normal to the slit direction is, theoretically, independent of the dis­
tance from the nozzle. 
From the observed rotational temperatures it is deduced that a slit source 
with width D produces more clusters than a circular source with diameter D at 
the same stagnation pressure. 
The infrared absorption of CO- clusters in a planar jet is measured direct­
ly and locally. The spectra are stil l highly congested due to the presence of 
larger clusters. The method does not yet have the sensitivity of the bolometric 
method. The formation of clusters is studied directly in the jet and is shown to 
depend on stagnation pressure and seeding. No evidence is obtained for pre­
ferred condensation on the jet axis. 
The use of slit nozzles serves as a useful tool for the infrared spectrosco­
py of monomers and clusters. 
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CHAPTER IV 
VIBRATIONAL ENERGY TRANSFER FROM C ^ TO CO2 STUDIED AT 
LOW TEMPERATURES IN A JET BY INFRARED DOUBLE RESONANCE 
ABSTRACT 
In a mixed CO_-C~H. jet the populations of rotational states in the ground 
and v~ (667 cm" ) vibrational levels of CO- are probed by color center laser ab­
sorption The rotational distributions are well described by a rotational temper­
ature On the timescale of the expansion the v- level does only relax through 
resonant deexcitation by CO- clusters A considerable fraction of C-Η. mole­
cules, over 10%, is excited into the v 7 (949 cm ) level by CW CO- laser absorp­
tion, subsequently releasing energy m the expansion due to relaxation to other 
C_H. vibrational levels, to the ground level and to the v- level of CO-. Ob­
served are the induced rise of rotational temperature and the increase of v- lev­
el population. By probing at several distances from the nozzle the temperature 
range from 30 to 155 К is covered. The vibrational transfer of the excited C-H. 
to the v- level of CO- has a near quadratic inverse temperature dependence; i ts 
p r o b a b i l i t y increases by a factor of 40 when the temperature is lowered from 
155 К to 30 K. 
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7. INTRODUCTION 
Collisional relaxation from one vibrational level (V) to another (V') , to ro­
tation (R) and to translation (T) has been a topic of research (Lambert [1]) for 
a long time. The employed experimental techniques are numerous and have 
their own area of application. Shock tube measurements are suited for work at 
high temperatures (500-5000 K) Laser excited vibrational fluorescence is ap­
plied to measurements at room temperature (200-500 K). A disadvantage of both 
methods is their non-selectivity concerning the probed relaxation pathway. This 
disadvantage is avoided by the laser double resonance technique, in which the 
investigated species is excited to a well defined state and where the energy re­
laxation can be followed to one particular vibrational and rotational state [ 2 ] . 
The most commonly employed technique is infrared double resonance (IRDR) 
where the molecules are excited by a pulsed infrared pump laser and the dis­
turbed distribution is monitored by the time resolved absorption of an infrared 
probe laser [ 3 ] . Monitoring steady state perturbations yields an alternative 
method [ 4 ] . Normally IRDR is applied to bulk gas, thus limiting the attainable 
temperatures, because at low values the vapor pressure impairs the sensitivity. 
Figure 1: Energy level scheme indicat­
ing the relevant vibrational levels v ? at 
667Л cm"1 of CO-; v1(. at 826.0 c m " 1 , 
-1 -1 
v0 at 9t0.6 cm , v , at 919.3 cm ' and 
д
 -1 7 
Vq at 1026.5 cm ' of СуН^. С ^ mole­
cules are excited into the v7 level by 
CO- laser absorption. The color center 
laser absorption monitors the popu­
lations of the rotational-vibrational 
states of COj. The relevant relaxation 
the VV transfer of v , , 
processes are the VV transfer of v-,, v»
to v - 0 , ^ ' i / i / ' i ' l e W transfe, 
Vg, v10 to Vy kyv and t l i e V 
fer of v10 to ground level, k^j-
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The application of IRDR to a jet has two advantages. First the temperature 
region that can be probed in this way extends to very low values, not attainable 
in bulk measurements. Second the experimental configuration permits time of 
f l ight (TOF) measurements, translating path difference into time difference 
along the jet axis. Time resolved measurements are possible without using 
pulsed laser systems. For an effusive beam of NH- this has been demonstrated 
by Matsushima et al [ 5 ] . 
The low temperature behaviour of energy transfer processes is interesting, 
e.g. in that region of low collisional energy, orbit ing collisions may come into 
play. They can increase the probability of relaxation enormously. At a jet tem­
perature of 20 К the collisional energy is decreased by about a factor 10 as com­
pared to room temperature. 
In f i g . 1 the relevant processes of the present experiment are displayed in 
an energy level scheme. In the mixed СО.-С-Н. jet C^H. molecules are excited 
into the v 7 level; they undergo inelastic collisions and energy will be deposited 
into other G-H- levels, into the v 7 level of CO- and into rotational and transla-
tional degrees of freedom. Section 2 describes the experimental set-up consist­
ing of the jet formation, the color center laser for probing, the CO- laser for 
excitation and the special geometry of pumped and probed region in the jet. The 
crucial jet parameters are the (rotational) temperature, molecular density and 
flow velocity as a function of distance from the nozzle. The probe laser absorp­
tion of the CO- jet molecules yields this information; the results are described 
in section 3.1 and discussed in 4 . 1 . The relaxation of the v- level of CO- is also 
determined from jet absorption. 
The CO- laser-excited fraction of C-H- molecules in the jet is an essential 
parameter for the determination of relaxation rates. In section 3.2 results are 
presented regarding the saturation of the excited transition and the absolute 
absorption of CO- laser power. These data yield a test for the calculated excited 
fractions of 4.2. Section 3.2 also contains a spectrum of the excitation efficiency 
against CO- laser lines and lineshapes that give an impression of the 
pump-probe geometry, which will be discussed in the appendix. 
The observed excitation induced changes are the rises of the rotational 
temperature and of the v- level population, depicted in section 3.3. In section 
4.3 these changes are connected theoretically with the different relaxation proc­
esses. The integral changes yield information on the excited fraction and the 
importance of different relaxation channels, while the differential changes ren­
der the relaxation rates for different temperatures, as described in section 4.4. 
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2. EXPERIMENTAL 
The experimental set-up ¡s shown ¡η f i g . 2. The used coordinate system 
has its origin at the nozzle opening. The molecular jet expands along the z-axis. 
The CO- laser radiation goes parallel to the x-direction and crosses the jet at 
position Zp (E for excitation). The color center laser radiation travels parallel 
to the y-axis and crosses the jet axis at position ζ (ρ for probing). The dis­
tance (ζ -z,-) determines the relaxation time At elapsed, 
Ρ t 
At = ( z p - z E ) / v s (1) 
where ν is the flow velocity of the expanding gas 
Figure 2: Experimental set-up. The gas expands through the circular nozzle, 
0=0.25 mm, in vertical direction. The color center laser fCCL) beam travels 
along the y direction, is focused by lens LI into the jet, crosses the ¡et axis at 
position ζ , and is collected by lens L2 onto the pyro-electric detector. The 
CO y laser beam travels along the χ direction and is focused by a cylindrical mir­
ror M and spherical lens L to an elliptical focus and collected on a thermopile. 
The waist in horizontal direction lies at shorter distances than the waist in ver­
tical direction that crosses the jet axis at zF. 
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2.1. Cas handling and vacuum system 
The gas expands through a stainless steel nozzle, with a diameter D=0.25 
mm and a wall thickness of about 0.1 mm. The expansion cell is pumped by a 
3 
booster pump backed by a 50 m /h motor pump. With a CO- stagnation pressure 
ρ =380 Torr, the background pressure amounts to p. =11 mTorr and 4.4 mTorr, 
0
 3 3 
respectively, for a 370 m /h and a 775 m /h booster pump (Edwards EH 
500/1200). The nozzle position can be varied along the x- and z-axis. 
The gas mixtures consist of laboratory grade CO« and C_H,. They are 
mixed in 4 different mixing ratios: 25% CO, and 75% C ^ , 50% COj and 50% 
C 2 H 4 , 75% C 0 2 and 25% C 2 H 4 and 100% C 0 2 and 0% C ^ . We will identify these 
mixtures in the following by 25/75, 50/50, 75/25 and 100/0, respectively. The 
fractions of CO- and C-H. are denoted as XpQo a n d *C2H4' 
The gas flow can be modulated by a pneumatic piston which closes and 
opens the gas supply directly before the nozzle. The duty cycle is 50% and the 
modulation frequency <5 Hz. 
2.2. Probe laser 
For probing we have used a color center laser, CCL (Burleigh FCL-20). It 
+ 
is pumped by a Kr laser (Coherent 2000 K) and is continuously tunable between 
2.4 vm and 3.3 μπτι. Its power is in the order of 2 mW; the frequency stability is 
within 10 MHz over the measuring periods. In the present experiment the ab­
sorption of CO- molecules is probed, by means of the transition from ground 
level to ( v ^ v , ) level with its band centre at 3714.8 cm ; the hot band transi­
tion from the v- level to the ( v ^ v ^ + v - ) level has its band centre at 3723.5 
cm . Hereafter, these transitions are indicated by subscripts f (fundamental) 
and h (hot) . The rotational lines are identified thanks to the assignment by 
Gordon and McCubbin [ 6 ] . The f-transitions probe the population of the 
ground level rotational states (v-=0,J) while the h-transitions probe the popu­
lation of the v- level rotational states (v-=1,J). This is t rue because the upper 
levels, (v.^Vo) and (v.^v-^v-) are negligibly populated at room temperature or 
lower and the transitions are not saturated. The laser frequency is tuned to 
maximum absorption of a particular line using a reference absorption cell. Es­
sential are the line strengths of the different transit ions. They are taken from 
Dowing et al [ 7 ] , together with the transition dipole moments. 
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The CCL radiation is modulated at 640 Hz by an electro-optic modulator 
+ (EOM) placed in the Kr laser beam. This modulated radiation passes through 
the expansion cell and is focused onto the jet axis to provide good spatial resol­
ution. The focus has a diameter of 0.05 mm and a confocal length of 1.6 mm. 
The transmitted radiation is collected by a second lens and focused on a 
pyro-electric detector ( f i g . 2) . The CCL power is measured phase-sensitively. 
The position of the CCL focus is f ixed. The original CCL-intensity is monitored, 
too, on a reference detector which serves to stabilize the intensity through a 
feed-back to the EOM. 
Two types of absorption measurements are performed. The f i rst type yields 
the characterization of the jet. For the interpretation of the IRDR results we 
need the local (rotational) temperature as function of the distance from the noz­
zle, ζ , obtained from the infrared absorption of different rotational levels of 
CO- in the expansion. The absorption data are obtained by modulating the gas 
flow (2.1.) at a convenient frequency of 0.5 Hz and detecting the jet induced 
-4 
variations of the CCL-intensity. Absorptions as low as 1x10 can be detected in 
this manner (τ=30 s ) . During the IRDR measurement the CO~ laser beam instead 
of the gas flow is modulated at 0.5 Hz and the induced variations in the CCL ab­
sorption are detected. In this case the gas flow is constant. 
2.3. Exciting laser 
A cw line tunable CO- laser excites C_H4 molecules into the v 7 level (band 
center at 949.3 cm" ). The vibrational-rotational transitions within reach of the 
CO- laser lines are given by Lambeau et al [ 8 ] . For our experiment we need 
good coincidences with С-Нд transitions at low rotational energy, because high­
er levels are depopulated by expansion cooling, e.g. Knippers et al [ 9 ] . Rea­
sonable absorption strength and low rotational energy correspond to the 
transitions collected in table 1. The 10P14 coincidence is included for compar­
ison. The transition dipole moment is calculated to be y-..=0.19 D, Gorlike et al 
[10] . 
The CO- laser radiation is focused to an elliptical focus on the jet axis, by 
using a cylindrical reflector (R=1 m) and a spherical lens (f=65 mm). The cyl in­
drical reflector shifts the focus in horizontal direction relative to the focus in 
vertical direction by 6 mm to shorter distances from the lens ( f i g . 2) . The el­
liptical spot on the jet axis has a vertical height, b =0.13 mm, and a horizontal 
width, b. =0.70 mm. 
50 
Table 1: Coincidences between ν , transitions of C-W„ and CO. laser lines. Tab­
ulated are the relevant CO. laser line, the C.H^ ground rotational 
level [J,К ,K ) , the estimated rotational energy of that level, Ε , the 
absorption intensity, a, at room temperature and the detuning, à, be-
tween the laser frequency and the transition frequency [8]. 
C O , laser C - Η . E ( c m " 1 ) a ) a ( a . u . ) Δ(ΜΗζ) 
¿ L 4 Γ 
l ine level 
10P26 
10P14 
10P10 
10R22 
10R28 
(6,2,5) 
(21,0,21) 
(4,1,3) 
(3,2,1) 
(5,2,4) 
53.9 
420. 
22.1 
26.6 
43.0 
109 
221 
59 
95 
238 
22 
358 
81 
117 
210 
a í E =BJ(J + 1) + ( A - B ) K 2 where A=4.83 cm" 1 and B=0.91 c m " 1 . 
г
 v
 ' ' а 
T h e t r a n s m i t t e d radiat ion is measured w i t h a t h e r m o p i l e . Unless stated o t h ­
e r w i s e , the i n c i d e n t power is 19 W. Modulat ion of t h e gas f low y i e l d s t h e a b s o r p ­
t ion of CO~ laser radiat ion b y t h e C - Η . molecules. T h e posi t ion of t h e focus can 
be v a r i e d in х - , y - and z - d i r e c t i o n b y moving t h e spher ica l lens. T h e CO- laser 
beam can be modulated b y a pneumatic s h u t t e r . 
2.4. IRDR configuration 
In t h e IRDR e x p e r i m e n t Zp is kept constant and ζ is v a r i e d ( f i g . 2 ) . By 
keeping t h e hor izonta l dimension of the CO- laser spot l a r g e , t h e e x c i t a t i o n of 
t h e p r o b e d ensemble of molecules is independent of (z - z F ) . T h e v e r t i c a l d i m e n ­
sion is kept small to have a good spatial r e s o l u t i o n . For a f low v e l o c i t y of 650 
m/s t h e u n c e r t a i n t y in t h e re laxat ion t ime due t o t h e spot sizes of pump and 
probe laser amounts t o 0.14 ps. In section 3 . 3 . t h e dependence of t h e IRDR s i g ­
nal on t h e r e l a t i v e o r i e n t a t i o n of pump and p r o b e laser beams is d i s c u s s e d . 
D u r i n g t h e IRDR measurements t h e d is tance (z -z,-) determines t h e 
» ρ E 
elapsed re laxat ion t i m e , ( 1 ) . T h e evolut ion of t h e e x c i t e d system is fol lowed in 
51 
time essentially by a TOF method. With varying distances, ζ , the unperturbed 
jet changes as well, i.e. its temperature, density and flow velocity. Therefore, 
section 3 . 1 . is concerned with the determination of these jet parameters from in­
frared absorption measurements. 
3. RESULTS 
For an incident probe laser intensity I and a transmitted intensity, I, the 
jet absorption. A, is defined by 
A = ln(l / I ) (2) 
о 
In practice, I and I are the intensities with and without gas flow. The state 
distr ibution of the CO- molecules is measured in ground level, (V2=0,J), and v« 
level, (ν«3!,-!)· The v^ level (band center at 667.4 cm" ) is the only vibrational 
level populated significantly at room temperature. One calculates that 
N,/N,=0.0771, where N. and N, are the fractional populations of the v- and 
ground level, respectively. (Note that, while in the ground level only even J's 
occur, in the v- level all J's are allowed). The rotational energy is indicated by 
E =BJ(J + 1), where B=0.390 cm [ 6 ] . The infrared absorption m the ground or 
Vj level are denoted by A ( J , f ) and A ( J , h ) . 
The infrared absorption m an NH_ jet has been described by Veeken and 
Reuss [ П ] . Expressions there derived are adapted to the case of CO-. The jet 
absorption for a particular rotational state A ( J , f / h ) at a distance ζ equals, at 
the center frequency of the transit ion, 
A(J,f/h)=C|v0 1l5 / hL j P f / hfJzp/vs (3) 
where С is constant (except for small values of ζ ), I V Q I I Í / U the transition d i -
pole moment, > L. the Hönl-London factor, Pt/u the molecular density of 
ground/v« level molecules, ν the flow velocity and f . the fractional population 
of J , 
f j = g j e x p i - E / k T ^ / Q (4) 
52 
where Τ is the rotational temperature and Q the partition function. With o de-r 
scribing the total molecular density one has 
P f / h = N f / h p (5) 
To determine the relevant parameters, l n [ A ( J , f / h ) / g .L.] is plotted vs E . Sub­
stitut ing (4) into (3) yields 
M A U f / h V g j L j ] = l n [ N f / h C | y 0 1 | 2 z p p / v s Q ] - [ 1 / k T r ] E r (6) 
If this Boltzmann plot yields a straight line, rotational thermal equilibrium may 
be assumed. From the slope we determine the rotational temperature Τ . From 
the intercept at E =0, В is determined, 
B f , h = N f , h c | W 2 V / v s Q ( 7 ) 
The product B f , Q denotes the absorption intensity and does not depend on Τ . 
The difference in І
 П 1 І for the ground and v- level is incorporated in L.. 
Therefore, the fractional population of the vibrational levels can be determined 
from 
N h / N f = B h / B f (8) 
The total absorption intensity is defined as BQ, 
BQ = B f Q f * B h Q h = C|w 0 1 | 2 z p p/v s (9) 
With ν known, ρ can be calculated from BQ [11,12]. Thus the jet absorptions, 
А(-ІЛ/Ь), for several values of J yield the rotational temperature, Τ , the popu­
lation of the v- level, N./N,, and a measure for the density, p. Section 3 . 1 . 
deals with the determination of these parameters as a function of ζ for the dif­
ferent mixtures. 
In section 3.3. the influence of CO- laser excitation on the jet parameters 
Τ , N. ,, and p/v is considered for different combinations of z,- and ζ . Its r h/f r s Е р 
dependence on CO- laser power and frequency has been measured in section 3.2 
as well as the amount of CO- laser power disposed into the jet and Imeshapes to 
i l lustrate the detailed dependence of the IRDR signal on pump and probe posi­
t ions. 
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Figure 3: The reduced rotational temperature, 
7"r/7"o, plotted against the reduced distance 
from the nozzle, ζ ID, both on a logarithmic 
scale. In fig. 2a, for a pure expansion of COj 
at stagnation pressures, ρ , of 190 Torr f Τ 
о 
Vh 380 Torr (0 О), and 760 Torr f i ά). The 
open symbols (V,0,Δ) Indicate the rotational 
temperature In the v2 level, the filled symbols 
C1,0,L) the rotational temperature In the 
ground level. In fig. 2b for the COyCM^ 
mixtures at a stagnation pressure of 380 Torr. 
Plotted are the ground level rotational temper­
atures for XCO2=0.25[l), 0.50(0) and 0.75(A) 
Figure 4: The ratio of Vy level population to 
ground level population, W /Л/,, plotted 
against the reduced distance from the nozzle, 
ζ ID, displayed logarithmically. In fig. Ун for 
XCO2=1.00 and Po=190 Torr(_J), 380 Torr(0) 
and 760 Torr[i]. In fig. 4b for ρ =380 Torr 
and XCO2=0.2S[l), 0.50(0) and 0.75(i). In­
dicated on the right is the corresponding vib­
rational temperature Tw. 
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3.7. Jet characterization 
The absorptions A(J, f/h) are measured for three stagnation pressures of 
100% CO», ρ =190 T o r r , ρ =380 Torr and ρ =760 T o r r , and for one stagnation 
pressure, ρ =380 Torr of the 25/75, 50/50 and 75/25 mixtures. The levels 
(v 2 =0, J=0,2 ,14) and ( v 2 = 1 , J=2,3 12) have been probed. The back­
ground gas absorption is subtracted [11]; its contribution has been estimated 
from the absorption for (v«=0, J=42) which corresponds to E =704 cm ; this 
level is not populated in the cold jet. 
All but one Boltzmann plot show a linear response indicating thermal equi­
librium. The dissident is the 25/75 mixture at ζ /D=18; a non-thermal behaviour 
Ρ 
as discussed by Venkateshan et al [13] is observed where the CO- density is 
smallest and athermal effects should be expected f i r s t . In the following thermal 
behaviour is assumed in all cases. 
In f igure 3 the reduced rotational temperature, Τ /Τ (Τ =295 К ) , is plot-
" r o o 
ted against the reduced distance from the nozzle, ζ /D, both on a logarithmic 
scale. For the 100/0 mixture Τ has been determined in ground and v™=1 level 
( f i g . 3a); for the other mixtures only the ground level Τ has been measured 
( f i g . 3b). In f igure 4 the ratios of fractional populations, B . / B , = N , / N f , is 
plotted against ζ /D for 100/0 ( f i g . 4a) and the three other mixtures ( f i g . 4b). 
For 100/0 the uncertainties in Τ , and B, amount to 4%, 3% and 3% for ρ =190 
r,T τ о 
Torr , 380 Torr and 760 Torr , respectively; for Τ , and Β. these values are 
8%, 6% and 7%. For the mixtures the uncertainties of Τ , and B, ( B . ) are 10% 
r,T τ η 
(20%), 8% (16%) and 6% (12%) for 25/75, 50/50 and 75/25. From the uncertainties 
in B,,. follow the uncertainties in N./N,, 9%, 7% and 8% at 190 T o r r , 380 Torr 
and 760 Torr of 100/0, respectively. For 25/75, 50/50 and 75/25 these values 
are 22%, 18% and 13%. 
3.2. CO у laser excitation 
Pump frequency dependence 
The CO- laser induced variation of the absorption of (V2=0,J=4), AA(J=4,f), 
is measured as a function of the CO- laser frequency, for the 50/50 mixture at 
Po=760 Torr with ζ =1.10 mm and z^ chosen equal to 0.08, 0.18, 0.28 and 0.55 
mm. No IRDR signals were detected in the 9R and 9P branches. In f igure 5 
AA(J=4,f) is plotted against the CO- laser lines of the 10R and 10P branches. 
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Figure 5: àA plotted against the CO. laser 
line; ρ =760 Torr, X_.-,=0.50 and ζ =1.10 
"o LU2 ρ 
mm. The values of z f are 0.08 in a, 0.18 in b, 
0.28 in с and 0.55 mm in d. The correspond­
ing rotational temperatures are -193 K, 740 K, 
107 K, and 70 K, respectively. 
Figure 7: A and hA displayed as function of 
CCL freqency; po=380 Torr and XCO2=0.50. 
In a the ¡et absorption A is displayed for dif-
ferent ζ values together with a Doppler limit­
ed bulk absorption. The FWHM's are 
indicated In MHz. In b-d the changes in ab­
sorption, ΔΑ are displayed, respectively, for 
different z f (хЕ=УЕ=0). different y £ (xE=0, 
zF=0.10 mm) and different χ^ [Ур=0, zE=0.28 
mm); ζ =1.10 mm everywhere. 
A(a.u)- ΔΑ(α.υ.) 
M 
— • M J , ν 
bulk 
\7 
* — * • 
367 
A 
^ fc 
Э5Э J , и. ι.. 
«25 
Л 
® 
«5 
360 
x2 5 
η 
Хм 
* • · 327 
u 
r\ 
„ 
τη? 
ΔΑ(α.υ.) 
ι
ε
= 0 0 0 
ι \/..-· Ι ι А Х І ι I j . . -Λ ι 
v» f' "V io Γ * ¿η γ" у io v 0 ' 
U2BV 050 
VQ " v 0 
yE=.0£0 .040 .020 000 -020 -040 -060 
AA(a.u.) 
® 
56 
T h e IRDR signals are l i n e a r l y c o r r e c t e d f o r v a r i a t i o n s in laser power. O u r r e ­
sul ts c o n f i r m those of K n i p p e r s et al [ 9 ] . T h e a b s o r p t i o n f o r t h e 10P14 l ine d e ­
creases s t r o n g l y w i t h increasing Zp, due t o t h e decrease of populat ion in t h e 
cool ing j e t . T h e IRDR signals t h a t remain s t r o n g are all l i s ted in Table 1 . We 
have chosen 10R22 t o w o r k w i t h . A b e t t e r choice may have been t h e 10P10 l i n e , 
because i t does not change the rotat ional e n e r g y of t h e e x c i t e d molecule. Exc i ta­
t i o n by t h e 10R22 f r e q u e n c y adds 28 cm of e x t r a rotat ional e n e r g y ; t h i s 
amount does not i n f l u e n c e o u r measurements in a serious way t h o u g h . 
Pump power dependence 
For t h e employed power densit ies we have f o u n d s a t u r a t i o n . T h e b e h a v i ­
o u r of e x c i t a t i o n induced absorpt ion is measured against CO- laser power f o r 
( v - = 0 , J = 4 ) . In t h e region of i n t e r e s t Δ Α ί - Ι ^ , ί ) may be assumed t o v a r y l inear 
w i t h t h e e x c i t e d f r a c t i o n of C-.H. molecules, because E « k T and ΔΤ is small 
2 4 r r r 
compared t o Τ . In f i g u r e 6 AA(J=4,f) is p l o t t e d against t h e laser p o w e r , W. , 
f o r th e combinat ions (ζ ,- ,ζ ) = ( 0 . 1 4 , 1.10), ( 0 . 2 8 , 1.10), ( 0 . 5 5 , 1.10) and (1.10 
Ь ρ 
mm, 2.21 m m ) , f o r t h e t h r e e m i x t u r e s . T h e r e s u l t s f o r A A ( J = 4 / f ) are normalized 
t o th e same a r b i t r a r y va lue at a power of 19 W. 
^ 
7 / " 
-J I 
.< 
© 
Figure 6: The C O . laser induced 
absorption change, ΔΑ
β
 plotted 
against the laser power, IV. , for 
XCO2=0.2S СУ), 0.50 ( · ) and 0.75 
(k). The values of ΔΑ are normal­
ized to yield the same value at 
W.=19 W. The combinations (ζ,-,ζ ) L * E pJ 
are [0.11,1.10) in a, (0.28,1.10) in 
b, (.0.55,1.10) in с and (1.10 
mm,2.21 mm) in d. Also displayed 
are the calculated curves for 
P/(US)( ) and Р/(1+5)* ( 
) , both normalized to yield the 
same value at W. =19 W. 
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Pump laser absorption 
In this experiment the unknown parameter is the excited fraction of C_H. 
molecules, f p . To estimate this fraction, the direct absorption of the CO- laser 
radiation is measured at Zp=0.14, 0.28, 0.55 and 1.10 mm for a pure 
C-Η .expansion at ρ =190 T o r r , 380 Torr and 760 Torr . The CO- laser power 
(10R22) has been lowered to 2.0(2) W to improve the signal to noise; the noise 
is lower and the signal higher as saturation is avoided. The absorption A--.- is 
displayed in table 2, together with A ,=A r (-._(p ,/p ) (p ,= 1000 T o r r ) , a 
measure of the absorption per molecule. A , shows saturation as will be dis­
cussed in 4.2. 
Pump-probe geometry 
To qualitatively understand the influence of different pump-probe geom­
etries and to check on the assumption that the probed ensemble of molecules 
does not depend on (z -Zp) for a fixed value of Zp, two types of experiments 
have been performed. In both cases the probing is done by the absorption of 
level (v 2 =0, J=4). 
Table 2: CO. laser absorption, А
гп
Л%), for different combinations of zF and 
Po together with Аге{=АС02<-Рге(,ро> (ргеГ1000 T o r r l · 
zE(mm) 
0.14 
0.28 
0.55 
1.10 
p o = 
A a ) C 0 2 
0.83 
0.66 
0.13 
0.09 
190 Torr 
A b ) r e f 
4 . 4 
3.5 
0.7 
0.5 
A C 0 2 
2.00 
1.64 
0.56 
0.32 
Po=380 Torr 
A r e f 
5.3 
4.3 
1.5 
0.8 
Po= 
A C 0 2 
4.27 
4.17 
1.94 
0.33 
760 Torr 
A r e f 
5.6 
5.5 
2.6 
0.4 
Uncertainty in A r o - is 0.1% 
^Uncertainty in A r e f is 0.52, 0.26 and 0.13, for ρ =190, 380 and 760 Torr , re­
spectively 
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In the f i rs t series the frequency of the CCL is tuned continuously over the 
absorption lineshape. In f igure 7a the jet absorption lineshape is shown without 
excitation, for different values of ζ . Also drawn is the bulk gas absorption. In 
f igure 7b, с and d the IRDR lineshapes are registrated for ζ =1.10 mm 
(x =y =0.0 mm). In 7b z F is varied (Xp=yF=0.0 mm), in 7c Ур is varied 
(Xp=0.0 mm, Zp=0.10 mm) and in 7d Xp is varied (yp=0.0 mm, Zp=0.28 mm). 
In the second series the CCL frequency is tuned on maximum absorption 
for the R(v«=0, J=4) transit ion, with ζ =1.10 mm. Неге Ур is varied for 
zE=0.14, 0.28, 0.55 and 1.10 mm for the three mixtures. The IRDR results 
show gaussian curves centered around yp=0.0 mm. There is no great variation 
of shape with CO- concentration or distance Zp. The FWHM is 0.69(6) mm, in all 
cases. These results will be discussed in the appendix. 
3.3. Induced changes of ¡et parameters 
The CO_ laser induced variations of the absorptions, AA(J , f /h ) , are meas-
ured for the mixtures 25/75, 50/50 and 75/25, at ρ =380 Torr. The values of z^ 
are 0.14, 0.28, 0.55 and 1.10 mm; ζ equals 0.14, 0.28, 0.55, 1.10, 2.21 and 
3.31 mm with ζ >z E . The 10R22 C 0 2 laser line yields a power of 19 W (±5%). The 
change in absorption, AA(J,f/h), can be either positive or negative. The ab­
sorptions without CO- laser excitation, A(J,Wb), are calculated with (6) using 
smoothed values of Τ ,,, (from f i g . 3) and B,,, . The absorption with CO- la­
ser excitation, A ( J , f / h ) , then equals 
A*(J, f/h) = A(J, f/h) + AA(J, f/h) 
Values of A (J, f/h) yield values of Τ
 f , . and B,,. in presence of CO- laser 
excitation. With calculated values of A(J, f/h) instead of the measured values 
from 3 . 1 . the uncertainty in A (J, f/h) is diminished. B, is obtained using 
f,f 
The results are the CO- laser induced changes in Τ , Ν . / Ν , and p/v . 
ζ г η τ s 
These observables will be presented as changes in the energy content of the 
three corresponding energy reservoirs, the rotation and translation reservoir, 
Ε „
τ
, the vibration reservoir, E.., and the kinetic flow reservoir, Ep. One has 
E R T = (1/2 k T r ) ( 6 - X c o 2 ) (10) 
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where thermal equilibrium between rotation and translation is assumed. The 
translation contains 3/2 kT and the rotation 2/2 kT and 3/2 kT , respective-
r г r 
|y, for CO- and C-H-. Because we did not monitor the vibrations of С_Нд, the 
quantity E v concerns solely CO-. 
E v = (667.4 c m " 1 ) X c 0 2 N h (11) 
The flow velocity ν corresponds to a kinetic energy, 
£,-=1/2 mv2 (12) 
l- s 
with [14], without excitation 
EP = ( Г Л М ) к ( Т - T J (13) 
r o r 
Ер.--, E v and Ep all denote the average amount of energy per jet molecule. 
The CO- laser induced increase of E R T , A E R T , follows directly from 
ΔΤ =(T -T ) and the increase of Ε.,, ΔΕ.,, results from 
г г г
 m ç V V 
Δ(Ν, /N,) = (N. /N f -N, / N , ) . The gain ΔΕρ is directly coupled with the increase 
Δν , (12), which can only be derived from BQ, proportional to ρ/ν , (9). For 
2 S constant flow ( i .e. pv =constant) BQ is proportional to 1/v , and ΔΕρ follows 
directly from ABQ. However, the assumption of constant flow is not just i f ied, 
because ΔΤ yields an expansion of the jet and therefore a lower density p. Part 
of ABQ must therefore be attr ibuted to ΔΤ . The exact relationship between Δρ 
and ΔΤ is not known. Values of ΔΕ,- are calculated under the assumption r h 
Δρ/ρ=-ΔΤ /Τ . v r
 r r 
In f igure 8, A E R T , ΔΕ.. and ΔΕρ are displayed for the three mixtures as a 
function of ζ for different values of z c . The uncertainties in ΔΕ,-,— equal 
Ρ η С K l (0.038)Τ , (0.019)Τ and (0.011)Τ c m " 1 , respectively, (Τ in Κ) for 25/75, 
Г Г Г
 -1 -1 
50/50 and 75/25. The average uncertainties in ΔΕ^, are 2.0 cm , 1.7 cm and 
-1 -1 -1 
1.2 cm , respectively; the uncertainty in ΔΕρ is 21 cm , 11 cm" and 6.6 
cm . In the cases where it is just i f ied, ЛЕг,-,- and ΔΕ.. are put zero for ζ
Γ
=ζ , 
' RT V Ε ρ 
indicated by dotted lines. 
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Figure 8: The energy changes, Δ £ „ ^ , άΕ^, and Δ £ F plotted against ζ on a log­
arithmic scale, for z £ = 0 . 7 4 ( Α ) , 0.28(0), 0.55(1) and 1.10 mm [m) for 
XCO2=0.25, 0.50 and 0.75. 
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Ч. DISCUSSION 
Ц. 1. Jet parameters 
To describe the evolution of temperature, density and flow velocity we use 
the formulae discussed by Hagena [14], 
( T / T ) = K f t(z / D ) " 2 U " 1 ) (14) 
r ο ο Ρ 
where K0 is a constant depending on ï=c /с ; furthermore 
ο Ρ V 
(ρ/ρ0) = K 7 ( z p / D ) " 2 (15) 
v s = [ ( ϊ / ί - 1 ) ( 2 Ι < ^ ) ( Τ ο - Τ Γ ) ] * (16) 
The expression for ν is exact, the expressions for (Τ /T ) and (p/p ) are ap­
proximations valid for ζ /D>2. For ζ /D=0, ρ and T r become infinite according 
to (15) and (14), whereas in reality
 Р
= ( 2 / ( У І ^ / ( ï - l ) ρ and Т
г
= ( 2 / ( У І ) ) T 
[15] . The discrepancy between the real values for (T /T ) and (ρ/ρ ) and 
those from (14) and (15) is estimated to be 30% for ζ /D=0.6, our smallest val-
P 
ue. For (T /T ) this is inferred from Beylich [16] , f i g . 18; for (p/p ) this es­
timate is based on Veeken and Reuss [12]. The discrepancy diminishes very 
rapidly with increasing ζ /D, thus expression (14) and (15) are assumed valid 
for f u r t h e r discussions. For ζ /D=0, ν -(Ζ/Ζ*λ)*α and for ζ / D » 1 , ! , Ρ s ο ρ 
ν = ( ϊ / ϊ - 1 ) 2 α , with α =(21<Т / т ) г ; thus from ζ /D=0 to ζ / D » 1 the flow veloci-
s ο ο ο ι Ρ Ρ 
ty ν increases by a factor [ ( ϊ + 1 ) / ( Τ - 1 ) ] * i.e. by 2.4 and 2.8 for У=7/5 and 
ϊ=9/7. This indicates that (16) must be used to obtain ν . 
s 
Rotational temperature 
In f i g . 3, (T /T ) is plotted against (z / D ) . Expression (14) yields 
straight lines in a double-log-plot, 
ln(T /T ) = lnK 0 -2( ï -1) ln(z /D) (17) 
r o o ρ 
Deviations occur for ζ /D<1 as discussed above. For Z„/D > 1 deviations are due 
ρ ρ 
to two processes, condensation and/or r o t a t i o n a l freezing. For 100/0 we note an 
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increase of Τ for higher stagnation pressures ρ . This is due to the release of 
condensation heat from clustering and has been observed before,e.g. by Luijks 
et al [17]. From f i g . 2a it is inferred that the influence of clustering is negligi­
ble for ρ =190 T o r r ; it is already small for ρ =380 Torr . Here, the deviation 
"o ' о 
from the straight line is due to insufficient relaxation of the rotational energy 
into the transiational energy, rotational freezing. Fig. 2a suggests a rotational 
freezing temperature of 20(2) К for ρ =190 Torr . From Quah et al [18] we cal­
culate Ζ for a hard sphere collision diameter σ=4.0 A; Ζ denotes the average 
number of hard sphere collisions necessary for the rotation to translation (R-T) 
energy transfer. From У=1.4 follows Ζ =1.5(3). Venkateshan et al [13] report 
2.5<Z <6.0. Lambert [1] gives Ζ =2.5. The deviation stems possibly from the 
r r
 -1 
fact that we are not sensitive to values of J higher than 14 (E =82 cm ); it 
could be that the higher levels have an effective Ζ much higher than 1.5. 
Table 3: Values for Ζ and K- derived from [T /T ) vs (z /D) 
mixture 
P
o
(Torr) 190 
100/0 
380 760 
75/25 
380 
50/50 
380 
25/75 
380 
У 1.35(3) 1.31(3) 1.21(3) 1.31(3) 1.30(3) 1.32(3) 
Kg 0.38(2) 0.38(2) 0.38(3) 0.42(2) 0.43(3) 0.45(3) 
For intermediate values of ζ /D a straight line is f i t t e d . From the slope У 
is calculated and, from the intercept with ζ /D=1, K«. The results are summa-
rized in table 3. Condensation is the reason for a lower effective У in the 100/0 
case for ρ =380 Torr and 760 Torr. For a pure CO- expansion one would expect 
У=1.40/ because the vibration does not relax on the expansion time scale, and 
«„=0.375 [14] . Our values for ρ =190 Torr are in reasonable agreement. For a 
pure C-H^ expansion У=1.33, because also here vibrational relaxation is slow, 
and Ko=0.41 [14]. All values of K» and У (table 3) for the mixtures are of the 
r ight order of magnitude; in general K» is too high and У too low. The lower va­
lue of У may be due to clustering in the 75/25 case and due to partial vibrational 
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relaxation from C-H. to CO- in the 50/50 case The uncertainties m Ï and « „ 
are too large to draw detailed conclusions 
In the following sections we perform calculations with (14) as expression 
for (T / T ) for the three mixtures The discrepancy with reality is 25% at most 
at the lowest values of ζ and 30% at the highest value of ζ for 25/75 and 10% 
Ρ Ρ 
at the highest ζ for 50/50 and 75/25 These discrepancies are acceptable in 
view of other uncertainties. 
The rotational temperatures in the v- level, Τ . , are m agreement within 
the experimental accuracy with those in the ground level, Τ ,, for ζ /D>1 
r,t ρ 
For ζ /D<1 artefacts make Τ , apparently lower than Τ , This is probably 
due to pressure broadening and shift depending on J and entering the ex­
pression for the lineshape function [11,12] 
Vibrational population 
Fig. 4 displays the relative population of the v« level of CO-, Ν, / N , , as 
function of ζ /D For the pure CO- expansion with ρ =190 Torr and ρ =380 Torr 
ρ г 2 г !-0 г0 
the vibrational population is essentially constant within experimental uncertain­
ties. The corresponding vibrational freezing temperature amounts to T..=280(10) 
К The vibration to translation relaxation time for CO- is given by Lepoutre 
f 19], τ
ν
-
Γ
=4 6 msTorr from 150 К to 300 K, corresponding to a collision number, 
Zyi-гбхІО^ . According to Sharma et al [20] the vibrational freezing position 
can be calculated to occur for ζ /D<0, and the freezing temperature to be of the 
order of Τ Inserting the value of Z.,-,- in equations of Quah et al [18] yields 
T..ST , m agreement with the experimental value T . ^ 0 95(3) Τ . V о " V о 
At 760 Torr a significant relaxation of pure CO- is observed. Ν, / N , de­
creases to 0 031 for ζ /D>5, which corresponds to T,.=230 K. This cannot be 
due to V-T relaxation by monomer collisions as explained above, but is caused 
by collisions with CO- clusters. This collisional process may be represented by 
COj + [ C 0 2 ] n "*' C 0 2 + С 0 2 ^ С 0 2 ^ п - 1 ( 1 8 ) 
The vibrational quantum of the CO- monomer is exchanged almost resonantly 
with the CO- cluster; the quantum remains undetected as the excited cluster 
will either dissociate or redistribute the energy Indeed this relaxation pathway 
is not available for ζ /D < 2, where cluster formation has not yet started. If a 
Ρ
 y 
cluster f r a c t i o n of 5% is assumed the relaxation rate of this V-V transfer proc-
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ess is estimated to be of the order of the gas kinetic collision rate; a very eff i­
cient process indeed. 
For the mixtures of CO- and C-H-, too, N. / N , is essentially constant with­
in experimental uncertainties indicating a frozen vibrat ion. However, a barely 
discernable trend yields a higher population of the v« level for lower fractions 
of CO-, perhaps due to V-V transfer from C-H. to CO-. At room temperature 
about 4.4% of the C-Η. molecules is found in vibrationally excited levels; enough 
to increase N , / N , significantly. The vibration to translation relaxation time of 
С-Нд, t V T = 0 . 1 3 msTorr at 300 K, has been measured by Yuan and Flynn [21] 
and corresponds to Ζ,,-,-^Ι .7x10 . According to Sharma et al [20] , the freezing 
point for the С-Нд vibrations occurs again at ζ /D<0 and T.. is sti l l of the order 
of Τ , although lower than for the CO- vibration. The expressions of Quah et al 
[18] yield T v : : 265 К for pure C-H. at 190 Torr . This corresponds to a drop in 
vibrational population from 4.4% to 3.1%. 
Molecular density and flow velocity 
In the following sections we use the expressions (15) and (16) for ρ and 
ν . The values for K-, can be extrapolated [14] - for the measured values of У 
from table 3 - and are 0.066, 0.062 and O.0G4, respectively, for the 25/75, 
50/50 and 75/25 mixtures. We adopt K7=0.064 for all mixtures. In (16) Jf is in­
serted from table 3. 
For the case of pure CO- the expressions for ρ and ν have been inserted 
in expression (9) for the absorption intensity, BQ. The agreement of the ex­
perimental data with the calculated values is within 5% for ζ / D > 1 , ρ =190 Torr 
r
 ρ о 
and 380 Torr , and supports our assumptions [12] . 
4.2. Excitation of C^W^ 
The excitation of the C-H. molecule into the (4,3,1) rotational state of the 
v·, level (Table 1) by the 10R22 CO- laser radiation is described by the pump 
rate, 
Ρ = (
Ή
/6)(Κ
ο
Ε
ο
) 2 0(
ω | _-ω ο ) (19) 
where "tìK =vnl=0.19 D [10] stands for the transition dipole moment of the v 7 
transit ion, the rotational matrix element is put equal to 1; Ε =(21./ε с) is the 
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2 
electric field strength, with I. the incident laser intensity (W/m ), and 
G(ü). -ω ) is the lineshape function, with ω, as laser frequency and ω as transi­
tion frequency . The intensity of the laser radiation, Ι. , can be expressed as 
l L = (8/π b h b v ) W L e x p [ - 8 ( A y 2 / b ^ • Az 2 /b^)] (20) 
where b, and b are the local diameters in horizontal and vertical direction, W. 
η ν L 
is the laser power, Ду=(у-ур) and Δζ=(ζ-Ζρ). From b. =0.70 mm and b =0.13 mm 
it follows that I. Uy=0,Az=0)=28.0 W. MW/m2 and Κ E =859 W? χΙΟ6 s"1 (this 
L L О О L i 
last value corresponds to a Rabi frequency , Κ Ε /2ιτ, of 136 W? MHz). 
The lineshape function is of crucial influence. If this function is deter­
mined solely by Doppler broadening, (19) leads to an upper limit for the pump 
rate, P=0.84 W. s . The Doppler broadening Δν
Γ
.=43 MHz is used here at a jet 
temperature of 120 К and a detuning (v. -v )=117 MHz (Table 1). With a transit 
L o i -7 
time of 0.14 ys, such a pump rate yields an effective excitation of 1.2 W. χΙΟ , 
a negligible fract ion. 
For the collisional broadening we estimate Δ\> =9.5 MHz/Torr [22], the de­
pendence of Δν on temperature being unknown. Together with the power broa­
dening this yields the total lineshape function, neglecting the Doppler 
contr ibution. 
G(v -v ) = (1/n)(Av /2*K Ε / 2 * ) / [ ( v -ν ) 2 * ( Δ ν / 2 · Κ E / 2 * ) 2 ] (21) 
L o c o o L o c o o 
Ρ is calculated for a pure C-Η. expansion with ρ =380 Torr , values of Zp of 
0.14, 0.28, 0.55 and 1.10 mm and values of W, of 1, 2, 5, 10 and 20 W. Due to 
saturation the effective pump rate Ρ ,,<Ρ has to be introduced 
P e f f = P / ( 1 + S ) (22) 
where S=P/Rp is the saturation parameter [ 2 3 ] , with R defined as the collisional 
relaxation rate. The relaxation rate of the involved rotational level is put equal 
to the hard sphere collision rate, R=13 MHz/Torr at 295 K; no data are available 
on this rate. The calculated behaviour of Ρ ,,, (22), is displayed as a function 
of W. in f igure 6 on a relative scale. It does not describe the experimental data 
for ZpS0.55 mm and the discrepancy can not be removed by a reasonable change 
of parameters. 
The reason for this discrepancy is that the molecules moving through the 
CO- laser focus experience a field strength that varies in time, in correspond-
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enee with the gaussian intensity distribution from (20). Different field 
strengths correspond to different saturation parameters. In the center of the 
beam S is at a maximum. Similar problems are discussed by Demtröder [23] , 
where an integrated pump rate is suggested 
Peff = р / ( 1 + 5 ) * (23) 
Here, S denotes the maximum saturation parameter. In f igure 6 the calculated 
relative values of Ρ , f , (23), vs W. are displayed. The experimental data are 
reasonably described by the calculated curve. 
Therefore, for the excited fraction of C-Η. molecules we use from now on 
f c = f Р/(1+5)*(Ь /2v ) (24) 
E o v s 
where f is the fraction of molecules in the ground rotational state to be ex­
cited, (3,2,1), and (b /2v ) is the effective transit time of the molecules 
through the focus. With the jet temperature of 3 . 1 . , f and ν are calculated. 
For zE=0.14, 0.28, 0.55 and 1.10 mm f is 0.23, 0.30, 0.33 and 0.61%, respec­
t ively, and ν is 547, 613, 677 and 722 m/s. At the experimental power W. =19 
W, f E becomes 8.8, 9.9, 8.1 and 5.6% for zE=0.14, 0.28, 0.55 and 1.10 mm. 
These values are uncertain within a factor 3 due to uncertainties in the parame­
ters of (24). 
The calculated values of f_ are compared with the experimental absorption 
data of table 2. A , is a relative measure for the excited fraction and decreases 
for lower stagnation pressures. This is consistent with the calculated satu­
ration. A lower density yields a higher saturation parameter S and therefore a 
lower excited fraction. Calculated values for S reasonably describe the depend­
ence of A , on ρ . For fp at the experimental power W. =2 W and ρ =380 Torr 
the calculated values are 1.6, 3 . 1 , 3.4 and 2.6% for z F values of 0.14, 0.28, 
0.55 and 1.10 mm. If, by equating the equivalent energies, the measured ab­
sorptions A - « - (in table 2, ρ =380 Torr) are translated into a number of ex-
О I Q ТО 
cited molecules per s, J,-, one finds J l-=2.06(10)x10 , 1.69(10)χ10 , 1Я IR 
0.58(10)χ10 and 0.33(10)χ10 molecules/s. The total flow from the nozzle 20 amounts to J =1.12x10 molecules/s [15]. It is not tr iv ial to compare Jp with 
J , because the laser radiation is absorbed along an inhomogeneous pathway. 
For Zp=0.14 mm the excitation takes place straight below the nozzle and all mole­
cules may be excited with equal probabi l i ty . In that case, ί ρ ^ ρ / - 1 =1-8(1)%, in 
good agreement with the calculated value. For Zp=0.28, 0.55 and 1.10 mm, 
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f^Jr/J amounts to 50%, 15% and 10% of the calculated f,-. This indicates that E t о Ь 
only a fraction of the total flow is effectively excited for z.->0.28 mm; a fraction 
decreasing with Zp. The experimental absorption data indicate that the calcu­
lated excited fractions are, within a factor 2, of the r ight order of magnitude. 
4.3. Theory of vibrational energy relaxation 
In f igure 1 the relevant vibrational levels of CO„ and C-H. are displayed; 
CO« with its v« level at 667.4 cm ; C_H4 with 4 vibrational levels at 826 
c m - 1 ( -цО, 940.6 cm" 1 (vg), 949.3 cm" 1 (v 7 ) and 1026.5 cm"1 ( v 4 ) . 
The C-Η. molecules are initially excited into the v 7 level through an R 
band transition that causes an increase of rotational energy of 27.9 cm" . In the 
following we consider rotational and translational relaxation to be very much 
faster than the relaxation processes of interest; energy released as RT energy 
is treated as appearing with no time delay. 
Collisions will redistribute the v 7 excitation to other vibrational levels of 
G-H. and CO-. We ignore relaxation pathways to higher lying CO« levels. They 
are possible after near resonant collisions like 
C 2 H 4 ( v 7 ) • C 2 H 4 ( v 7 ) - C 2 H 4 (2v 7 ) + C 2 H 4 (25) 
The probability of this process is rather small because the fraction of excited 
molecules is small. 
The v 7 and v« level of C-H- will equilibrate on a very short time scale, as 
they are practically resonant. Population of the v. level is unlikely, keeping in 
mind the principle of detailed balance; the rate for an endothermic process is 
generally at least ехрС-ДЕ/кТ) times smaller than for the reverse exothermic 
process. With Τ =100 К and ΔΕ=150 cm"' this Boltzmann factor becomes 0.12. 
The most important collisional processes are summarized below together 
with their effect on the experimental observables A E R T and ΔΕ^, (ΔΕρ is a deriv­
ative phenomenon of ΔΕρ—, which is transferred into ΔΕρ in the course of the 
thermodynamic cooling). The v 7 level can relax to the , п level, 
k W ! 
C 2 H 4 ( v 7 ) • M - C 2 H 4 ( v 1 0 ) * Μ * (ΔΕ=151.2 cm"') (26) 
where M denotes any collision partner, CO- or С-Нд. For the rate one finds 
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I < W ~ X C 0 2 k W ^ C C V * X C 2 H 4 k W ^ C 2 H 4 (27) 
where (('.».(COj) and ^\n/^J^/) denote к'^д, with M=CO_ and М=С-Н4, re­
spectively. The RT-energy release per unit time into the system, go-r, equals 
g j ^ = (151.2 c m " 1 ) ( f E X c 2 H 4 ) ( k ' w p ) (28) 
where fcXpohH ' s the excited fraction of molecules and k'^-,? is the local relaxa­
tion rate. The ν,η level can relax to the ground level, which process is charac­
terized by the following set of equations, 
•VT . 
C2H4(v1 0) • M -• C2H4 • M * U E ^ e c m " 1 ) (29) 
and 
k V T = X C 0 2 k V T ( C 0 2 ) + X C 2 H 4 k V T ( C 2 H 4 ) i 3 0 ) 
9 ^ = ( 8 2 6 c m " 1 ) ( f E X C 2 H 4 ) ( k V T p ) (31) 
The direct VT relaxation of the v 7 level is not taken into account; the W proc-
ess with ΔΕ=151 cm (26) is much faster than the VT process with ΔΕ=949 cm" , 
Yuan et al [24] report к ' = 4 9 к,— at 295 К for pure С ^ . 
The Vy and v 1 0 levels of C-H. can both transfer energy to the Vj level of 
CO_. The experiment gives no information about the origin of the v« level popu­
lation; thus we put 
k W . 
C 2 H 4 ( v 7 , v 1 0 ) + C 0 2 -• C 2 H 4 • C 0 2 ( v 2 ) + (ΔΕ=309.8 cm"1) (32) 
In the case of v.« deactivation, ΔΕ includes the energy release of process (26). 
In (26) and (32) the rotational energy is taken into account which is pumped in­
to the C-H4 molecules by the chosen CO- laser transition (27.9 cm ). Then 
g ^ = (309.8 cm"1 ) ( f E X c 2 H 4 ) ( X C 0 2 k w p ) (33) 
and 
g v = (667.4 c m " 1 ) ( f E X c 2 H 4 ) ( X c 0 2 k w p ) (34) 
because the vibrational population of CO-iv^) corresponds to a vibrational en­
ergy production rate, g.. . The СО^ v^ level does not relax, section 4 . 1 . , and 
therefore does not contribute to 9a-r· 
Experimentally determined are ΔΕ,,-,- and ΔΕ., as function of ζ for di f fer-
K ι ν ρ 
ent Zp. The v« level of CO- is assumed not to relax; therefore, ΔΕ., is given by 
the integral 
ζ 
Δ Ε
ν
( ζ
ρ
) = ƒ g v ( z ) d Z (35) 
ZE 
In other words, g v ( z ) follows from the measured curve in f i g . 8, 
g v ( z ) = (d/dz)AE v (z) (36) 
For A E R T and gR-i-, which is the sum of Эп-р , 9 D T a n d 9 R T ' ^^ е r e " 
lation is more complicated because Е^-р relaxes during the expansion. That in­
troduces a loss factor in the integrand of an equation similar to (35). Only part 
of the RT energy, released at Zp<z<z , is measured at ζ as RT energy; the 
remainder is transferred into flow energy. The loss factor can be deduced from 
the temperature behaviour described by (14). If the CO« laser induced temper­
ature increase is ΔΤ , then from (14) 
r 
[ Τ ( ζ 1 ) * Δ Τ ( ζ 1 ) ] / [ Τ ( ζ 2 ) - Δ Τ ( ζ 2 ) ] = ( ζ 1 / ζ 2 ) " 2 ( , " υ (37) 
This is also valid for ΔΤίζ« )=ΔΤ(ζ_)=0 and one derives 
ΔΤ(ζ 1 )/ΔΤ(ζ 2 ) = ( ζ 1 / ζ 2 ) " 2 ( ϊ " 1 ) (38) 
ΔΕο-ρ can be expressed as 
ζ 
Ρ 
A E R T ( V e I 9RTWizp/zV™-"dz (39) 
Z E 
Differentiation leads to 
g R T ( z ) = (d/dz)AE R T (z) * (2 ( ï -1 ) /z )AE R T (z ) (40) 
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Thus gp-j-Cz) can be determined from the measured values of ΔΕρ-Λζ) in f i g . 8. 
The total RT energy release without loss factor, ΔΕ, equals 
ζ 
ΔΕ(ζ
ρ
) = JgRTU)dz (41) 
ZE 
and is the sum of ΔΕη-ρ and ΔΕρ. Therefore 
ΔΕρ = ΔΕ - A E R T (42) 
The procedure is to derive from ΔΕ.. and ΔΕρ-ρ (through g^. and g R -r) val­
ues for к^д., k'ww and k^-p as function of z, i.e. as a function of temperature. 
The unknown parameter in the connecting relations (28), (31), (33) and (34) is 
the excited fraction of С?Нд molecules, f p . This quantity could depend on the 
mixture, on the position Zp and on the position ζ . In the appendix we will 
check that the geometrical variation of f,- with ζ is small, it diminishes with in-
Ь ρ 
creasing ζ only due to relaxation. In 4.2. we have discussed fp at the excit­
ing position z=Zp, theoretically and based on experimental data from 3.2. More 
information on f ρ is obtained from integral relaxation. 
4.4. Vibrational energy relaxation 
Integral relaxation 
From the experimental data ΔΕρ,-,- and ΔΕ.. in f igure 8, the energy release 
rates, gn-j- and g v , are calculated with (40) and (36). To obtain (d/dziAEn-j. 
and (d/dz)AE v the slopes left and r ight of z=z are used, averaged to yield a 
single value. 
Before proceeding with the calculation of relaxation rates from д о т а п ^ g», 
information is gathered from the integral energy release regarding the relative 
importance of CO- and C-H. collisions (27,30) and the excited fract ion. The in­
tegral energy release is the total increase of RT and V energy from Zp to the 
largest value of ζ , ζ =3.31 mm, i.e. ΔΕ(ζ=3.31 mm) and ΔΕ./(ζ=3.31 mm); 
Ρ Ρ V 
ΔΕ
ν
(ζ=3.31 mm) follows from f i g . 8 , while ΔΕ(ζ=3.31 mm) is calculated using 
(41) and the calculated values of 9 ο τ · These integral energy releases are 
equivalent to excited fractions f R T and f.. of the C-H^ molecules; f v / ^ p a n c l 
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f v = (ΔΕν(ζ=3.31 mm)/667.4 cm ) / X c 2 H 4 (43) 
This means that a fraction f.. of C~H4 molecules has transferred its energy from 
the v 7 excited level to the v 0 level of CO-. This fraction f.. has produced a (3) -1 
contribution to the RT energy, gn-p , equal to f.. ^ р т и д (310 cm ). This con­
tr ibut ion is substracted from ΔΕ(ζ=3.31 mm); the resultant ΔΕ(ζ=3.31 mm) is 
translated to f R T < f p , 
f R T = (ΔΕ(ζ=3.31 mm)/977.2 cm ) / X C 2 H 4 (44) 
The RT energy release is equivalent to a fraction f R T of С-Нд molecules relax­
ing from the excited state to the ground state. For simplicity we have assumed 
that there occurs only V-T relaxation. For the different mixtures and values of 
Zp the obtained values of f., and f R T are plotted against Χ ρ ^ τ ¡η f igure 9. 
Figure 9: Λ. and ƒ „ _ plotted against 
"C02 in, respectively, 9a and 9b. The 
values of zE are 0.11 ík), 0.28 (Φ), 0.55 
(Τ) and 1.10 mm (•). 
The fraction f , is connected to fp and kww through (34). Fig. 9a indicates 
a linear dependence on Х р
П
9 and therefore an average fraction f p , see (34), 
independent of X - « - . Extrapolations of the linear behaviour to X r n _ = 1 . 0 yields 
f v = 8 . 8 ( 6 ) , 6.9(6), 4.1(6) and 1.4(6)% for zE=0.14, 0.28, 0.55 and 1.10 mm. The 
values of f . . for Χ - ^ ^ Ι . Ο pose an underlimit for the real f p , f.,<fp. 
The fraction f _ T < f p is connected to f p , 1<\л/ and k^-p through (28) and 
(31). Fig. 9b shows a nonlinear dependence on X_ n ~; f R T decreases sl ightly 
more than linear with Χρο2 = ^ "'^Γ2Η4' 
From a linear relationship between frj-p and XC2H4 c o m b i n e d with (27) and 
(30) one concludes that the X_ ( - ) -k ' v v (CO_) and X-QjkwT-CCO.) terms are neg­
ligible compared to the terms proportional to Хртид/ ' · 6 · v 7 " > v i n ^ ^ " deacti­
vation proceeds mainly through С_Нд-С_Н. collisions. 
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The small non-linearity of f i g . 9b is probably caused by an excited fraction 
fp(z=Zp) which is slightly enhanced for large Xp-^.-values, although we con­
clude from f i g . 6 that the saturation, and therefore f p , does not depend cr i t­
ically on X C 2 H 4 · 
The fraction fp-p is extrapolated to X r 5 H 4 = 1 . 0 and equals 12.5(15), 
8.5(15), 1.8(15) and 0.0(15)% for zE=0.14, 0.28, 0.55 and 1.10 mm. The overall 
decrease in fp-j- and f . with increasing Zp does not necessarily reflect a de­
crease in f p . It is due to the decrease in relaxation time, characterized by 
( ζ
ρ
- ζ
Ε
) = ( 3 . 3 1 - ζ
Ε
) . 
A deactivation pathway leading to an excited C-H.fv.^.)-fraction without 
further VT relaxation can be ruled out, because in that case the energy remain­
ing in the vibrational degree of freedom demands an fp(z=Zp) fraction 6.5 times 
higher to come into agreement with the observed ΔΕ0-Γ(ζ=3.31 mm)-values. 
-1 -1 
(Note that then instead of 977.2 cm only 151.2 cm can be disposed of as RT 
energy). With this factor G.5 one would arrive at unrealistically high 
f F (z=z F )-values up to 81%. 
We observe that the ratio fw/fR-i- increases from 0.71(8) at Zp=0.14 mm, to 
0.83(12) at zE=0.28 mm, to 2.5(10) at zE=1.10 mm. Consequently, l < w / k V T 
tends to grow with decreasing temperature. 
In the above considerations the least known parameter is fp(z=z ), all we 
really know is f R _
+ f v =fp(z=Zp)- fp(z=3.31 mm). All estimates of relaxation rates 
are simpified if a more or less constant fraction of excited C_H4 molecules is as­
sumed for z>Zp, i.e. f R - r
+ f w < < f p ( z = Z p ) . For zF=0.14 mm f R _ + f . . equals 9.0%, 
7.3% and 7.7% for X C 0 2 ¡s 0.25, 0.50 and 0.75. In section 4.2. we calculated fE 
to be of the order of 9% at Zp=0.14 mm. With this value the approximation of 
nearly z-independent fp is not ful f i l led. The following results indicate that 
fp(z) does not vary by more than a factor 2 for Zp<z<3.31 mm. We put fp(z)=10% 
in the following for all ζ and al I mixtures. 
Differential vibrational relaxation 
The quantities gw(z) and д ^ - Л г ) ((36), (40)) are transformed into gw(t) 
and g R j ( t ) in [cm" / s ] , 
g( t ) = g ( z ) v s (45) 
From the integral relaxation we know that VT transfer by C-H.-CO- collisions is 
negligible, and write 
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g R T ( t ) = (977.2 cm-b( f E X c 2 H 4 nX c 2 H 4 k V T (C 2 H 4 )p ) (46) 
where g^-pít) does not contain the RT contribution of the W relaxation between 
C-H· and CO- molecules. From (34) and (46) using (45) one derives 
k W = ( 9v ( z ) / E v H 1 / f E X C2H4 X C02 ) ( K 7 1 ( z / D ) 2 ) v s ( 4 7 ) 
kVT = ^RT^'W ( 1 / fEXC2H4XC2H4K K^ ( z / D ) 2 ) v s ( 4 8) 
where kw-r=l<w-i-(C-H4), Ev=667.4 cm and ERT=977 cm . The density ρ (14) 
is expressed in Torr*; 1 Torr =3.27x10 molecules/m . The reduced relaxation 
rates are in [s Torr ] . I-
terms of collision numbers [ 1 ] , 
-1 *-l 
rates are in [s Torr ] . Alternatively we express the relaxation rates in 
Z W = k o / k W ( 4 9 ) 
ZVT = k o / k VT ( 5 0 ) 
where к is the rate of hard sphere collisions in [s Torr* ] , [1] 
к = 2/2ρ σ2(πΙ<ΤΛι)* (51) 
О о 
»Ν 22 3 
with ρ (1 Torr J=3.27x10 molecules/m . For the case of CO--C-,H. collisions 
o L ¿ 4 
one has а = ( °с02 + 0 С2Н4 ) / 2 a n d ^ т С 2 Н 4 т С 0 2 / ( т С 2 Н 4 + т С 0 2 ) ; w i t h 
<
'C02= C'C2H4= 4'^ ^ [25]/ one finds σ=4.00 Ä; μ=17.1 a.m.u.. Thus 
ko = (5.79χ105)/Τ [ з ' Ч о г г * - 1 ! (52) 
/Τ reflects the dependence of the relative velocity on temperature. Combining 
(47), (49) and (52) 
Z w = (E v /g v (z))( f E X c 2 H 4 X c o 2 )(K 7 (z/D)" 2 )(1/v s )/T(5.79x10 5 ) (53) 
where Z^-, is the number of hard sphere collisions it takes to transfer energy 
from the excited C-H. to the v« level of CO-. For Ζ,,-ρ the expression becomes 
Z V T = (E R T /g R T (z) ) ( f E X c 2 H 4 X c 2 H 4 ) (K 7 (z/D)" 2 ) (1/v s )/T(6.39x10 5 ) (54) 
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Zy™- is the number of gas kinetic collisions necessary for the VT relaxation of 
excited C^H. molecules. 
For X_O2=0.75 the energy release g R T ( z ) is made up totally by the con­
tr ibution gai- of the W relaxation, for all combinations of z,- and ζ ; for 
κ I t ρ 
X_/~o=0.25 there is a clear contribution of the VT relaxation for all ζ values. C02 ρ 
However, the calculated values of Z . / T with fp=0.10 are uncertain, due to the 
(1 ) 
uncertainties in g^-p and f p . Also the contribution gA-i- of the WiVy-^v,«) re­
laxation is unknown and not negligible. The dependence of Z V T on ζ and the 
corresponding temperature Τ is weak. An average value is Zv- r=400 at an aver­
age temperature of 100 K. Measurements of Yuan and Flynn [21] indicate a value 
Z V T =1700 at 300 K. 
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Figure 10: Zvv plotted against Τ , both logarithmically displayed, for 
XCOj=0.25, 0.50, and 0.75. The straight lines reflect expression (55). The va­
lues for zE are 0.H (A), 0.28 ( · } , 0.55 (T) and 1.10 mm (•}. 
The results for Z^-. are plotted against the rotational temperature, Τ , in 
f igure 10; Z^^. turns out to be quite independent of z^, indicating that fp is 
approximately independent of z-, in agreement with 4 . 2 . , and that fp does not 
vary much with ζ . For X_ o -=0.75 a levelling off of ΔΕ., for large ζ values is 
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observed as compared to X_ n _=0.50 and 0.25, which results In larger values of 
Ζ 4 Λ , for low temperatures. This can be due to a decrease in fp or to relaxation 
of the v- level by cluster collisions (18). Within our uncertainties Z.». does not 
depend on Xp/-.·? e x c e P t f o r ^ г о ? ^ - ^ a n c ' ' a r 9 e z · This indicates that f ρ is 
independent of Χ(-
η
τ ¡η agreement with assumptions based on the Integral meas­
urements. Because fp decreases with larger ζ due to relaxation, our assump­
t ion, fp=0.10, subsequently yields values of Z ^ ^ that are increasingly too high 
for decreasing temperatures. For Xp(-.~=0.25 and 0.50 this effect is estimated to 
lie within the uncertainties of f i g . 10 and is ignored. Anyway the actual ob­
served temperature dependence is very steep and strong and shows the opposite 
tendency, 
Z
v v
 = C ( T / T
o
) a (55) 
3 
with C=3.5(7)x10 and a=2.16(37) from f i g . 10а,Ь; С is critically dependent on 
our assumption fp=0.10, α not. Experimentally Z^-, Increases from about 20 at 
30 К to about 800 at 155 K. According to (55) Ζ .
Λ / corresponds to 
3 -1 * - l 5 ι ν ν »-1 
к.
л /=2.8(6)х10 s Torr at Τ =295 К and to 1.3 (3)χ10 s"1 Torr at 30 К. In 
о 2 
terms of collision cross sections, о.д,=2.0 Â£ at 30 К and σ
ν ν
=0.014 A at 295 K. 
There are no l iterature data on this specific W transfer from C-H4 to 
COj. An inverse temperature dependence has been reported for various sys­
tems. Stephenson and Moore [26] report on nearly resonant W transfer In CO-
mixtures. The transfer of CO- (OO0!) to 1 S N - (v=1) has an exothermiclty of 99 
-1 
cm and σ.-. is inversely proportional to temperature. In terms of (55) the be­
haviour would be described by a=1.0. McGarvey et al [27] and Lucht and Cool 
[28] observe a temperature dependence in HF and DF mixtures with values of α 
as high as a=1.9 for the DF (v=1) sèlf-deactivation. The W-exchange between 
H35CI and H37CI Is described by a=1.6, Horwltz and Leone [29]. Shin and Kim 
[30] explain the latter process and a=1.6 In terms of orbi t ing, " long- l ived", col-
lisions. For HF(v=1) self deactivation, orbit ing collisions are calculated by Bi l l -
ing and Poulsen [31] to make up the largest part of the relaxation process at 
room temperature. 
The temperatures at which Z\~, is obtained are low compared to other re-
laxation work, which makes orbit ing collisions probable also for the relatively 
weak interacting CO_-C-H· system. Orbit ing collisions would explain the strong 
inverse temperature dependence. 
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5. CONCLUSIONS 
This paper describes an experiment which enables us to measure relaxation 
rates at low temperatures not attainable m bulk experiments The method con­
sists of an infrared double resonance pump and probe set-up m the low temper­
ature environment of an expanding molecular jet The relaxation time is defined 
by the f l ight path between pump and probe region. 
Much attention is paid to the characterization of the jet parameters of an 
expanding CO--C_H4 mixture. The rotational temperature and absorption inten­
sities are determined. The VT relaxation of CO^ is shown to be negligible in the 
jet, while vibrational deactivation by clusters is shown to be very efficient A 
rough estimate yields a collision number m the order of 1 The VT relaxation of 
G-H. is calculated to be slow compared to jet dynamics The RT relaxation of 
CO- is estimated from the terminal rotational temperature and corresponds to a 
collision number, Ζ =1 5(3) 
C~H4 molecules are pumped into the v-, (4,3,1) level by a CO- laser The 
excited fract ion, f p , is estimated to be of the order of 10% The probe laser de­
tects changes of the rotational temperature and of the population of the CO- v-
level The pump-probe geometry is discussed and shown to introduce no errors 
m the measurements With the CO- absorption as probe for infrared excitation 
of C-Η., a spectrum is taken at the CO- laser line frequencies The various co­
incidences between CO- laser line frequencies and C-H. transitions have been 
observed 
A model is developed which connects the colhsional deactivation with the 
observable changes m vibrational energy, ΔΕ.., and rotational-translational en­
ergy, ΔΕρ-ρ. The IRDR measurements as function of the distance from the nozzle 
of pump and probe region can be transformed to yield the vibrational and the 
rotational/translational energy production rates m the jet as a function of jet 
temperature. From the integral energy productions it can be inferred that VT 
relaxation of C-H- by CO- collisions is negligible From the differential energy 
production it follows that the collision number for the W relaxation of C-Η- ex-
2 2 citation to the CO- v- level has a Τ ' temperature dependence, Z^. , decreases 
from 800 to 20 going from a temperature of 155 К to 30 K. Orbiting collisions 
may be an important factor. The collision number for the VT relaxation of C-H 4 
by С-Нд collisions decreases for lower temperatures. 
The two important benefits of this method are the low temperatures com­
bined with relatively high densities attainable m a jet, and the time resolution of 
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the pump-probe geometry, which does not need pulsed lasers or fast signal de-
tection and has a duty cycle of in principle 100%. The diff iculty of this method 
lies in the effort needed to characterize the jet parameters, and in the fact that 
relaxation phenomena are convoluted with the jet cooling. 
APPENDIX 
Pump-probe geometry 
To interprete the results in f ig . 7b-d, the jet absorption lineshapes of f i g . 
7a are f i rs t discussed. The total jet absorption lineshape is the integral over the 
local lineshapes along the absorption path y , see f i g . 11, for each y deter-
rà н 
mined by local Doppler broadening and collisional broadening. The center f r e ­
quency of this local lineshape is Doppler-shifted with respect to the transition 
frequency, ν . The expanding molecules follow approximately straight stream­
lines originating in the nozzle; the angle of a streamline with respect to the jet 
axis, θ ( f i g . 11), and the flow velocity, ν , make up a Doppler shift 
A v D ( y p ) = - ( v s / c ) v o s i n ( e ( y p ) ) ( A l ) 
where 
t g e ( y p ) = y p / z p (A2) 
The result of the integration along y are the pillar shaped lines of f i g . 
7a, the steep flanks being due to the shock wave that forms the boundary of the 
jet and limits the maximum Doppler shift , ^ рД ) · The FWHM, which is essen­
tially 2Δν
Γ
,(θ ), decreases with ζ , due to the decrease of θ , see f i g . 11. For 
7
 D s ' ρ s' э 
ζ =0.14 and 0.28 mm we observe blue and red tails beyond Δν^ίθ ). These are 
ρ ' D s 
caused by collisional broadening, that is not negligible for small ζ . If we take 
FWHM=2Avri(9 ), θ becomes 75°, 58°, 51°, 41° and 36° for ζ =0.28, 0.55, 1.10, D s s i t * ρ 
2.21 and 4.42 mm, respectively. 
If the local lineshape is very narrow, a f ixed frequency corresponds to a 
unique y -value. At the center frequency, ν , a range Ay around y =0 is 
probed. From ( A l ) and (A2), 
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Figure 11: Pump-probe geometry. The 
excited region is described by Θ. and 
θ , the intersection of probe laser with 
the shock wave by θ ; b. and b are s η ν 
the dimensions of the elliptical CO y lo­
ser focus. 
лу. 
2 Δν/Δνρ, 
Ρ D 
(A3) 
where άν=(ν /с)ν and Δν equals the local l inewidth. The CO- laser excitation 
induces changes in the area of its focus. That area corresponds to angles . 
and θ (b for blue shift and r for red shift) with respect to the (χ,ζ) plane and 
r 
will therefore induce changes in an interval of the probepath у . The larger , 
and θ , the larger that interval will be; , and 0 depend on z^, y ^ and the 
horizontal dimension of the focus, b, ( f i g . 11). 
The frequency scales of 7b-d are slightly dif ferent. In f i g . 7b we note that 
the FWHM of the IRDR lineshape, ΔΑ(ν), decreases with increasing z^, for fixed 
ζ . For zc=0.00 and 0.08 mm the IRDR FWHM is not limited by , _ but by θ . 
ρ ε D , r s 
For larger Zp the FWHM decreases because the angle θ, becomes smaller for 
larger Zp. For Ур=0 one has 
ід
 ь
( =
 г
) = b h / 2 z E (A4) 
Further red and blue shifted there are small IRDR signals with inverted phase. 
The jet expands laterally as a result of the laser induced temperature rise and 
the effective lineshape broadens, creating absorption where without excitation 
there was non. 
In f i g . 7c the influence of shifting the CO- focus along y E is depicted. A 
shift to positive yp values will increase θ t i l l it reaches θ ; θ. will f i r s t de­
crease and for stil l larger y F increase again but on the opposite side of the jet 
axis. This is clearly demonstrated in f i g . 7c, with its asymmetric lineshapes, a 
steep flank at θ and a disappearing signal for larger shifts. 
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Varying Xp alters the shape of the CO^ laser beam in the (y,z) plane, 
f i g . 7d. For increasing x F the focus in vertical direction is finally replaced by a 
focus in horizontal direction with a minimum value of b, , see f i g . 2. Conse­
quently Θ. decreases and yields smaller FWHM values. For Xp=+8 mm the FWHM 
reaches its minimum. 
The results of f i g . 7b and с already indicate that the region that is excited 
by the CO- laser in the yp direction is quite large. A quantitative measure fo l­
lows from the dependence of ΔΑ(ν ) on y p , as measured for different situations. 
The relevant FWHM, Дур, is 0.69(6) mm. This should be compared to the region 
that is probed, Ду , keeping in mind that the effectively excited area Аур 
equals approximately 
Ay* = A y E ( z p / z E ) (A5) 
due to the diverging streamlines, see (A4) with b, =Ayp. The values for Ay 
are calculated, taking into account only the local Doppler width, determined by 
the local temperature Τ . For ζ =0.14, 0.28, 0.55 and 1.10 mm the values for 
r ρ 
Ay are, respectively, 0.10, 0.16, 0.25 and 0.41 mm. It is clear that a constant 
illumination of the probed area is warranted for zE=z ; AyE>Ay everywhere. 
For a constant temperature, Τ , Ay follows from (A3), 
Ay = Kz (A6) 
r P Ρ 
Therefore the ratio AyF/Ay is constant for constant temperature and Zp, see 
(A5) and (A6). The constant К in (A6) is proportional to /Τ , and thus weakly 
ζ dependent, see (14), so the assumption of constant illumination with varying 
ζ is a good approximation even in cases where Ayp<Ay . The conclusion is that 
varying ζ for a constant Zp does not affect the excitation from a geometrical 
point of view. Of course, f,- decreases with ζ due to relaxation. 
Ε ρ 
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CHAPTER V 
VIBRATIONAL AND ROTATIONAL RELAXATION OF NH3 
STUDIED IN A MOLECULAR JET 
BY INFRARED-INFRARED DOUBLE RESONANCE 
ABSTRACT 
Infrared-infrared double resonance (IRIRDR) is applied to an expanding 
jet of NH„. With a CO_-laser molecules in the 3(3,3) rotational level of the v ib­
rational ground state are excited into the s(4,3) level of the v« vibrational 
mode, 2s(4,3). Rotational distributions in the ground and v- state are probed 
by the infrared absorption of color center laser radiation producing transitions 
to the v 1 and ν,+ν« states. The time delay between pumping and probing is de­
termined by the distance between the CO- laser focus and the color center laser 
focus, along the jet axis. The results indicate an average relaxation time of v i -
bration to rotation/translation of 280(50) ns.Torr over the temperature range 
of 50 to 110 K. In that temperature range the population difference between or-
* 
tho and para species comes into equilibrium within 425(190) ns.Torr , the relax­
ation between (3,3) and other ortho ground state levels occurs within 56(20) 
ns.Torr and between the 2s(4,3) and 2s(3,3) levels within 20(8) ns.Torr . 
The inversion relaxation time between a(3,3) and s(3,3) is determined to 
7.6(20) ns.Torr*, at 50 K. (Here 1 Torr* indicates a density, 1 Torr =3.27χ1022 
3 
molecules/m ). 
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7. INTRODUCTION 
Although vibrational and rotational relaxation of NH_ has been studied in 
many ways over the years, our knowledge of these processes is still incomplete. 
The vibrational relaxation of the v9 state of NH- has been investigated by 
laser excited fluorescence, Hovis and Moore [ 1 ] , and by IR-UV double reso-
nance, Ambartsumyan et al [ 2 ] . None of these or other methods uses rota-
tionally resolved probing. With our two laser IRIRDR technique one probes 
rotational levels and obtains detailed information on the relaxation between well 
defined vib-rotational levels as demonstrated by Haugen et al [3] for the 
HF(v=1) V-R,T relaxation. 
The rotational relaxation in NH™, R-R,T, has been the subject of many 
double resonance studies; MWMWDR is reviewed by Oka [4 ] ; IRMWDR has been 
employed by Kano et al [5] and Dobbs et al [ 6 ] ; IRIRDR is reported by Matsu-
shima et al [7] and Kuze et al [ 8 ] ; rotationally resolved IRUVDR has not yet 
been applied to NH_. 
MWMWDR yields information on the R-R relaxation in the ground state; col-
lisional selection rules have been established [4 ] . IRMWDR has the advantage of 
a higher depopulation, but here also V-V and V-R,T relaxation processes con-
tr ibute [ 5 ] . IRIRDR has the advantage that it is sensitive to all population 
changes, not only to the difference population of inversion states, as in MW 
probing. In case pumping and probing both lead to the v« state, R-R relaxation 
within the excited vibrational level may complicate the analysis [8 ] . 
Once the IRIRDR method is adopted with a specific pump and probe laser, 
there is stil l a choice between various experimental methods. Steady state mea-
surements yield relative measures of the different relaxation processes [4 ,5 ,8 ] . 
Absolute values of relaxation rates are obtained by a time resolved pulsed laser 
technique [3 ,5 ] , a time of f l ight technique [ 7 ] , or a beam maser scattering ex-
periment [ 9 ] . 
In the present experiment IRIRDR is applied to an expanding NH- jet. We 
make use of the variable f l ight time between pump and probe region in the jet to 
measure the relaxation time; for an effusive beam of NH„ this technique has 
been applied before by Matsushima et al [ 7 ] . Luijks et al [10] use this technique 
in a jet of SF f i, pumping with a CO» laser and probing by spontaneous Raman 
effect. 
In f igure la the energy level system is drawn. The rotational levels are 
characterized by a/s(J,K) in the ground state and 2a/s(J,K) in the v9 state, 
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where J and К are t h e rotat ional q u a n t u m n u m b e r s , a(s) denotes t h e u p p e r 
( lower) i n v e r s i o n l e v e l . T h e levels w i t h K=3n and K=3ni1 ( n = 0 , 1 , 2 , . . . . ) be long 
t o o r t h o and para species, r e s p e c t i v e l y ; t h e y c o r r e s p o n d t o a t o t a l nuclear spin 
1=3/2 and 1/2. Due to t h e l a r g e r i n v e r s i o n s p l i t t i n g of about 36 cm , t h e r o t a ­
t ional s t r u c t u r e of t h e v 0 state is d i f f e r e n t f r o m t h e g r o u n d state w i t h i ts i n v e r -
L
 -1 
sion s p l i t t i n g of about 0.8 cm . T h e r e f o r e t h e R-R relaxat ion is d i f f e r e n t f o r 
both states [8]. 
Figure l b d isp lays t h e e n e r g y t r a n s f e r processes t h a t o c c u r . T h e CO~ la­
ser excites t h e molecules f r o m a ( 3 , 3 ) to 2 s ( 4 , 3 ) t h u s d e p o p u l a t i n g t h e a ( 3 , 3 ) 
and p o p u l a t i n g t h e 2 s ( 4 , 3 ) leve l . C o n s e c u t i v e l y , R-R relaxat ion repopulates 
t h e a(3,3) level and depopulates t h e 2 s ( 4 , 3 ) leve l . V - V exchange changes 
g r o u n d and exc i ted state populat ions s imul taneously. V - R , T re laxat ion creates a 
t e m p e r a t u r e r ise and t h u s inf luences t h e rotat ional state p o p u l a t i o n s . By v a r y ­
ing t h e distance between exc i tat ion and p r o b i n g these re laxat ion processes are 
fol lowed in time and re laxat ion rates are e x t r a c t e d . 
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Figure 1: In la the energy level scheme Is drawn for the rotational levels 
(J,K) in ground and v . 5tofe with J<4. The upper [a) and lower (s) Inversion 
levels are connected by [. Also indicated are the [10,0) and [10,3) levels of the 
ground state. The energy transfer processes are shown in lb. 
Experimental s e t - u p and method are d e s c r i b e d in section 2. In section 3 
besides t h e IRIRDR d a t a , a b s o r p t i o n measurements are p r e s e n t e d necessary t o 
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obtain the jet parameters like rotational temperature, molecular density and flow 
velocity. In section 4 the experimental method is crit ically examined; relaxation 
times are derived in section 5; section 6 contains the discussion of the results. 
2. EXPERIMENTAL 
In f igure 2 the experimental set-up is sketched. In a coordinate system 
with its origin at the nozzle position, the gas expands in the z-direction, the 
probe laser is directed along the y-direction and the pump laser along the 
χ-direction. 
Figure 2: Experimental set-up. The gas expands through the nozzle, D=0.50 
mm, in vertical direction. The color center laser [CCL) beam travels along the y 
direction, is focused by lens LI into the ¡et, crosses the ¡et axis at position ζ , 
and is collected by lens L2 onto the pyro-electric detector. The CO. laser beam 
travels along the x-direction. Is focused to an elliptical spot by the cylindrical 
reflector M and the spherical lens L, and collected on a thermopile. 
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2.7. Cas system 
The circular stainless steel nozzle has a diameter D-0.50 mm and a wall 
thickness of 0.1 mm. The anhydrous NhU has a pur i ty of 99.98%. Different 
stagnation pressures were applied, ρ =95, 190, 380 and 760 Torr . The expan-
sion chamber is pumped by a 775 nrvh booster pump (Edwards EH1200) backed 
by a 50 m /h motor pump. The background gas pressure is 0.017 Torr for ρ =95 
Torr and 0.16 Torr for ρ =760 Torr. The pumping speed is reduced by 20% in 
the latter case. By an air driven piston (frequencies <5 Hz) the gas flow can 
be modulated immediately upstream the nozzle. 
2.2. Probe laser 
+ 
The color center probe laser, CCL (Burleigh FCL-20), is pumped by a Kr 
laser. The probe beam is modulated at 640 Hz inserting an electro-optic modula-
+ 
tor (EOM) into the Kr laser beam. The CCL can be tuned continuously over 
the whole rovibrational NH_ v.. band, centered at 3336.2 cm [11]. The ground 
state absorption frequencies are identified using the assignment of Benedict et 
al [11]. The excited state frequencies, v ^ v . - v ^ , are calculated from the v . ' ' ^ 
data of Benedict et al [11] , the 2 data of Urban et at [12] and the inversion 
splitt ing data of Townes and Schawlow [13] . 
The probe laser power is about 2 mW; its frequency stability remains well 
within the relevant linewidths and is monitored using the absorption in a refer­
ence gas cell. The probe laser beam is focused by lens LI to a diameter of 0.05 
mm at χ =y =0 (p for probe). It crosses the jet axis at a distance ζ from the 
nozzle and is focused by lens L2 onto a pyro-electric detector ( f i g . 2 ) . The 
transmitted laser power is detected phase sensitively. The radiation intensity is 
stabilized by feedback to the EOM of a reference detector signal. Two types of 
absorption measurements are performed. First the infrared absorption of the jet 
is measured. Hereto the gas flow is modulated at 0.5 Hz and the jet absorption, 
-4 A, is detected. The detection limit yields a 1x10 minimum absorption. In the 
second type the CO- laser induced change of jet absorption, ΔΑ, is phase sensi­
tively detected with the pump beam modulated at 85 Hz. A detection limit corre­
sponding to 2x10 minimum absorption was obtained. The difference in 
sensitivity for both methods originates from the different modulation frequen­
cies. The infrared jet absorption. A, t y p i c a l l y equal to 1%, allows detection of 
CO_-laser induced variations of 0.2% of A. 
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The jet absorption is measured for a number of ground state levels, 
A ( J , K ) , yielding the fractional populations of those levels, f (J ,K) (we omit the 
indication a or s where it is not essential). This function f ( J , K ) can be charac­
terized by a rotational temperature, Τ , as will be seen in 3 . 1 . The quantities 
f ( J , K ) are proportional to A(J,K) because the upper state of the probing t ran­
sitions, v , and v.+v-j, are practically unpopulated even after CO- laser excita­
t ion, and because the transitions are not saturated. 
In earlier IRIRDR work [7,8] the upper probe state was the v~ state, 
whose population is not negligible after CO- or N-0 laser excitation. This dis­
advantage is compensated by a larger sensitivity, because the O-W- transition 
dipole moment, у( -)=0.24 D [14], is much larger than the O v^« value, 
y(v1)=0.024 D [15] . 
From the CO- laser induced change in absorption ΔΑίϋ,Κ) for the ground 
state, and AA2(J,K) for the v- state, the induced population changes Af(J,K) 
and Af2(J,K) are derived. In general Af(J,K) is negative and Af2(J,K) is posi­
t ive. The information on relaxation times is obtained by varying the distance 
(z -Zp), thereby varying the effective relaxation time. 
2.3. Pump laser 
A cw line tunable CO- laser has been employed. With a l 2CO_ mixture it 
yields 40 W, with a N-O mixture up to 4 W output power. In this work the laser 
has been operated with a 1 3CO- mixture. Sealed off operation on the required 
9P8 line was not possible. Therefore, a small flow was introduced, resulting in a 
consumption of 1 ato. I of 1 3CO_ per 100 hrs. With an outcoupling efficiency of 
5% a power of 2.4 W has been obtained for the 9P8 line. 
The pump beam is focused to an elliptical spot at Xp=yp=0 and a distance 
Zp from the nozzle ( f i g . 2, E for excitation), and collected on a thermopile. The 
absorption of the CO- radiation by the jet is measured, modulating the gas flow 
-3 and detecting the power variations. The detection limit corresponds to 1*10 
minimum absorption. The elliptical focus is formed by a combination of a cyl in­
drical mirror, M, and a spherical lens, L, yielding a width b, =0.70 mm and a 
height b =0.19 mm. 
For a line tunable CO_/N_0 laser a list of coincidences has been published 
by Frank et al [16] for all possible v- transitions of ^ N H - . Only levels with low 
rotational energy are well populated and therefore interesting in our jet exper­
iment. The most suitable coincidence, the v-aR(3,3) transit ion, has a detuning 
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of 78 MHz with respect to the 1 5 C 0 2 9P8 line at 1011.203 c m - 1 and is used in 
this work. 
Preliminary measurements were performed based on other coincidences. 
The v2sR(5,0) transition is effectively excited by the 30 W " C O , 9R30 line at 
1084.635 cm" with a detuning of 175 MHz [16]. However, the population of the 
s(5,0) level is too small to observe R-R transfer to other states. The v.,aR(1,1) 
transition is detuned 1.5 GHz from the " C O - 10R14 line at 971.931 c m - 1 . The 
20 W CO- laser beam was then focused to a circular spot with a diameter of 0.09 
mm. A CO, laser induced change in its absorption has been observed for a(1,1) 
and other levels, strongly enhanced by power broadening, which yields a FWHM 
of about 1.3 GHz. The resulting IRIRDR lineshape was distorted due to ac-Stark 
shift [17] 
2A. Pump-probe geometry 
The pump and probe laser beams are focused in the z-direction to obtain a 
maximum time of f l ight resolution. The time delay, t , between pumping and 
probing equals, 
t = ( z p - z E ) / v s (1) 
where ν is the flow velocity of the jet. For ν =1000 m/s the time resolution is 
about 100 ns. The positions (x ,y ,z ) and ( x ^ V p / Z p ) can be varied with an 
accuracy of 0.01 mm. The relevant distance (z -Zp) is known within 0.02 mm, 
i.e. within the spatial laser resolution. 
In the y-direction the pump beam is not sharply focused to ensure that all 
molecules arr iv ing in the probe region have passed through the region pumped 
by the CO, laser. During the IRIRDR measurements, ζ is kept constant, while 
(z -Zp) is varied. It is important that the excitation probability of the probed 
ensemble of molecules does not vary too sharply with (z -z F ) to avoid systemat­
ical errors in the relaxation data. This problem influences the measured IRIRDR 
lineshapes as w i l l be shown l a t e r . An important factor is the saturation of 
the V2aR(3,3) t r a n s i t i o n , which is inferred from the jet absorption of the CO-
laser radiation. 
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3 RESULTS 
3.1. Probe laser absorption 
The determination of a rotational distr ibution m a jet by CCL infrared ab­
sorption has been described by Veeken and Reuss [15] Here the mam ingredi­
ents are summarized The absorption. A, is defined by 
A = ln( l / I) (2) 
о 
where I is the intensity without jet and I the attenuated intensity. The jet ab­
sorption stems from an integral over the mhomogeneous medium along γ 
A = ƒ a ( v , y p ) p ( y p ) d y p (3) 
where the absorption strength, a, and density, p, vary with у . The absorp­
tion strength is connected to the line strength, S, and the lineshape function, 
G, 
»(v,y ) = S ( y p ) G ( v , y p ) (4) 
For distances from the nozzle, ζ > D , the molecules are assumed to follow 
Ρ 
straight streamlines originating from the nozzle At у the lineshape function is 
centered around the Doppler shifted frequency, 
v n t v J = ν Í1±(v /с)«іп ) (5) 
o p о s 
with 
tg9 = y /z (6) 
s yP Ρ 
The function G(v,y ) is determined by the local Doppler and pressure broaden­
ing. If pressure broadening is negligible, G becomes independent of ( J , K ) . 
The Ime strength S of the absorption in the level (J,K) can be written 
S(J,K) = K 1 L J K | u | 2 f ( J , K ) (7) 
where K. is a constant, L.., the Honl-London factor and ν the transition dipole 
moment. In case of thermal equilibrium 
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f (J , К) = g J K e x p ( - E r / k T r ) / Q (8) 
where g . ^ is the degeneracy, E the rotational energy and Q the partit ion func­
t ion. Combining (2) to (7) , [15] , yields 
A ( ( J , K ) , v o , z p ) = K 2 L J K M 2 p ( z p ) z p f ( ( J , K ) , z p ) / v s ( z p ) (9) 
where K_ is a constant. By measuring A ( ( J , K ) , v ), the distr ibution is probed 
in an interval Ay , 
through (5) and (6) , 
a around у =0; Ay is related to the local l inewidth, Δν, 
' ρ ' ' ρ ' ρ 
Ду
р
 = (Δν/Δν 0 )ζ ρ (10) 
where Δν
η
.= (ν /c)v . U s o 
Table 1: Transitions probed in ¡et absorption. Transitions indicated with [*] 
were used in IRIRDR. 
„ J b) 
Band v. v 1 + v 2 " v 2 
K O I 2 3 4 3 4 
J 
0 aR(0,0) 
1 sR(1,0)* sR(1,1)* 
2 aR(2,0)* аРСг,!)* sQ(2,2)* 
3 sR(3,0)* sR(3,2)* sQ(3,3)* 2sQ(3,3)* 
3 0 ( 3 , 3 ) * 
4
 a R ( 4 , 0 ) * sQ(4,3)* aQ(4,4)* 2sQ(4,4)* 
»a) 6 aRie^) ' 
used for background gas correction, 
' only used in IRIRDR. 
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The background gas gives rise to absorption, too. Its contribution is subtracted 
from the measured absorption as described in [ 1 5 ] . The a(6,0) level is probed 
to obtain the necessary information. The expressions for A denote the cor­
rected absorption. 
The absorption A ( ( J , K ) , v ) is measured for ρ =95, 190, 380, and 760 Torr 
at 11 distances ζ between 0.14 and 6.63 mm. The probed transitions are indi-
P 
cated in table 1 
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Figure 3: Rotational temperature, 
Τr/T , versus distance from the 
nozzle, г ID, for P0=95 Torr [к], 
190 Torr [Φ], 380 Torr f ? ; and 760 
Torr (•}. The straight line is the 
theoretical dependence from ex­
pression (73} (ï=1.33) 
Figure 4: Absorption intensity, 
BQ, versus distance from the noz-
zle, ζ ID, for po=95 Torr (к], 190 
Torr (0), 380 Torr (f) and 760 
Torr (•}. The straight line is the 
theoretical dependence from [16} 
for ρ =95 Torr and ν =v . 
О S о* 
The logarithm of A ( ( J , K ) , v )/ L j|/9j|/ 's plotted versus Ε , 
l n [ A ( J , K ) / L J K g J K ] = Ιη[Κ2|μ|2ρζ / v s Q ] - [ 1 / k T r ] E r (11) 
These Boltzmann plots all show linear dependence. From the slope, Τ is deter­
mined. Figure 3 displays double logarithmically the reduced temperature, 
T
r / T o , vs the reduced distance from the nozzle, ζ /D. From the E =0 intercept 
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2 
of (11), B=K_|v| pz /ν Q is extracted. Multiplication by Q (calculated from Τ ) 
yields BQ, a quantity independent of Τ , 
BQ = K 2 M 2 p z p / v s (12) 
BQ is called the absorption intensity and reflects the ratio p/v . Figure 4 dis­
plays double logarithmically BQ vs ζ /D. The uncertainty of Τ amounts to 
2-3% and of BQ to 4-6% for ζ /D>1. For ζ /D<1 the uncertainties are larger. The 
Ρ Ρ 
contribution of the pressure broadening to G, (4), depends on (J,K) and be­
comes significant here [15] . 
3.1.1. Rotational temperature 
Without condensation and for ζ /D>2, the rotational temperature Τ obeys, 
Hagena [ 1 8 ] , 
Τ /Τ = K,(z / D ) - 2 ( , M ) ( 1 3 ) 
r o •i Ρ 
where К, is a constant depending on У=с /с . For NH_, У=1.33 and consequent­
ly K3=0.41; the result of (13) yields the straight line drawn in f i g . 3. 
The effect of condensation turns out to be pronounced. The higher ρ the 
more condensation heat is generated, yielding an increase of rotational temper­
ature. For ρ =95 Torr only few clusters are formed and the rotational temper­
ature follows (13) rather closely. 
For small ζ /D the discrepancy from (13) is caused by the approximative 
character of (13); the exact expression of Τ /Τ is far more complicated and 
will not be discussed here. At ζ /D=0 one has Τ /Τ =2/(ï+1) [19]. With T=1.33 
ρ г о '
 l J 
and Τ =295 К this yields Τ (0)=253 К. For the lowest ζ /D=0.28, Τ /Τ is mea-o r p r o 
sured to be 0.86, corresponding to Τ J0.28)=254 K, in good agreement with the 
calculated value. 
The deviation from (13) at large ζ /D is due to two phenomena. First there 
is condensation, which can not be excluded even for ρ =95 T o r r . Milne et al 
[20] report a dimer mole fraction of about 2% at our value of ρ D. From a com­
parison of Τ /Τ at different ρ it also appears that the jet at ρ =95 Torr con-
r
 г о "о
 r r
 ' ' о 
tains clusters. For NH- the heat of dimerization, ΔΙΙ ., is about 1200 c m " ' , i.e. 
a 2% dimer fraction creates a temperature rise of about 12 K. The influence on 
Τ /Τ is substantial but not enough to explain the deviation of 20 К with re-r о 
speet to (13), observed at ζ /D=13.2. The second process that contributes is 
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rotational freezing. The relaxation from rotation to translation, R-T, does not 
keep in step with translational cooling. Quah and Fenn [21] have calculated the 
terminal rotational temperature for different ï 's as function of Ζ , the number of 
gas kinetic collisions necessary for R-T relaxation. Assuming a gas kinetic col­
lision diameter of 3.44 A, application of their formulas yields a rotational freez­
ing temperature of about 60 K, for Ζ =5.0, and of about 30 К for Ζ =1.0. From 
f i g . 3 we estimate a freezing temperature of about 34 K. Including the above 
mentioned effect of condensation suggests Ζ <1. 
The Boltzmann plots all show a linear response. Consequently an upper 
* 
limit to the R-R,T relaxation time can be derived, τ p<150 ns.Torr at 50 K. 
This upper limit corresponds to Ζ <0.6, confirming the presence of c luster ing 
r 
assumed above. The relaxation time τ ρ will be discussed extensively in sec­
tion 5; as a f i r s t conclusion it appears that R-R,T relaxation is very efficient 
for NH-. In the following we assume thermal equilibrium between rotation and 
translation and for their temperature we take smoothed values from f i g . 3. 
3.1.2. Molecular density and flow velocity 
For ζ /D>2 under condensation free conditions of expansion, Hagena [18] 
gives as expression for the density, 
p/po = Κ 4 ( ζ ρ / θ Γ 2 (14) 
where K, depends on У,' for У=1.33, K.=0.068. The exact expression for the flow 
velocity is, 
v s = [ ( ï / y - 1 ) ( 2 k / m ) ( T o - T r ) ] * (15) 
For an ideal expansion the terminal velocity, ν , corresponds to Τ =0; in our 
eo Г 
case, Τ =295 К, and ^ЮУб m/s. Insertion of (14) into (12) yields 
BQ = K 5 P o / v s z p (16) 
The constant K- is taken from [15] and the BQ values according to (16) are 
* displayed in f i g . 4 for ρ =95Torr and ν =v . 
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For small г /D, BQ is experimentally found to reach a plateau due to the 
influence of pressure broadening on G; the higher density is counteracted by a 
lower G-value. 
Even for ρ =95 Torr and for large ζ /D the deviation of BQ from (16) is 
substantial, up to 40%, although qualitatively BQ follows the (1/z ) dependence 
reasonably. There are two reasons for the discrepancy. The assumption ν =v 
S Ä 
gives too low an estimate of BQ, 25% at ζ /D=1.1 and 8% at ζ /D=13.2. Secondly, 
expression (14) is an approximation. In the correct expression, ζ / D » 1 should 
be replaced by (z /D)-(z /D) , where (z /D) denotes the virtual source point 
' ρ ρ ν ρ ν 
[19] . For У=1.33, (ζ /D) amounts to about 0.85, which renders the estimate of 
BQ 13% too low, at ζ /D=13.2. The combined effect makes up for the deviation of 
BQ from (16). For small ζ /D the exact expression for ρ is again complicated 
Ρ r e i / i ï - l ) 
and will not be discussed here. At ζ /D=0 one has, ρ(0)=ρ ( 2 / ( ϊ + 1 ) ) , so 
p(0)=0.63p ; one infers from f i g . 4 that experimentally p(0.28)=0.50p > reduced 
by pressure broadening. 
The discussion above leads to the conclusion that (12) gives a good de­
scription of BQ for ζ /D>1.1 at ρ =95 Torr. The density in the jet is hence de­
termined from (14), from the difference between experimental and calculated 
values in f i g . 4 and from the correction to ν /ν , which is derived from (15), 
with experimental Τ values. This procedure also holds approximately for higher 
stagnation pressures, for ζ /D>1.6, 2.2 and 3.1 at ρ =190, 380 and 760 Torr , 
respectively. The uncertainty is larger in those cases because condensation 
renders the expression for ν , (15), uncertain. The condensation increases the 
temperature and this increase is transferred into flow energy during the expan­
sion. This enhancement of ν has been observed for an NH_ expansion [15] ; ν 
and Τ increase with ρ . As an approximation f o r a l i ρ we take ν equal to its 
value for ρ =95 Torr from (15). This introduces an uncertainty as high as 10% 
for ρ =760 Torr . 
The effect of condensation appears again in f i g . 4. We calculate the densi­
ty deficit averaged over the region of interest, which amounts to 7% at ρ =190 
Torr, 21% at ρ =380 Torr and 30% for ρ =760 Torr if compared to ρ =95 Torr . 
The maximum dimer mole fraction is reported to be about 5% [20] equivalent to a 
monomer deficit of 10%. Consequently, larger clusters are present at 380 and 760 
T o r r . 
In relaxation measurements the presence of clusters may disturb the re­
sults, because it introduces another type of collision partners, with its own par­
ticular relaxation characteristics. For the case of V-R,T and R-R,T relaxation 
in NH, the influence will be shown small, section 5; the relaxation by monomer 
95 
collisions is already very efficient, cluster collisions are expected to contribute 
m proportion to the cluster mole fract ion, which is small for ρ =95 Torr and 
modest for ρ =760 Torr. 
3.2. Pump laser absorption 
T h e a b s o r p t i o n of t h e CO- laser beam ( 1 3 C 0 2 9P8 l ine at 1 2(4) W) b y t h e 
j e t , A r ( - ._, is measured f o r ρ =95, 190, 380 and 760 T o r r and values of z^ r a n g ­
ing f r o m 0 14 to 4 42 mm. In f i g . 5 we have p l o t t e d double logar i thmica l ly A r _.~ 
vs Zp/D t o g e t h e r w i t h A _ _ . ( 3 , 3 ) vs ζ / D , A--, . ( 3 , 3 ) denotes t h e probe beam 
a b s o r p t i o n f o r t h e v.|SQ(3,3) t r a n s i t i o n T h e values of A _ 0 7 are c o r r e c t e d f o r 
t h e large b a c k g r o u n d gas a b s o r p t i o n . 
T h e b u l k b a c k g r o u n d gas a b s o r p t i o n is f o u n d t o have an a b s o r p t i o n 
s t r e n g t h α equal to 4 6 ( 3 ) , 6 5 ( 2 ) , 9 3 ( 2 ) and 12 7(3) m T o r r , r e s p e c t i v e l y , 
f o r b a c k g r o u n d p r e s s u r e s , p. =0 017, 0 032, 0 069 and 0 16 T o r r ( c o r r e s p o n d ­
ing t o ρ =95, 190, 380 and 760 T o r r ) T h e d i m i n i s h i n g α f o r lower b a c k g r o u n d 
p r e s s u r e ref lects t h e e f f e c t of increas ing s a t u r a t i o n T h e n o n - s a t u r a t e d ab­
s o r p t i o n s t r e n g t h , α , is d e s c r i b e d b y 
a o ( v L ) = S G ( v L - v o ) (17) 
Aca ('/.)- -Aco,CW 
Figure 5 
tion, A 
Pump and probe laser absorp-
rny and A r r . , vs distance from 
the nozzle, z/D, for ρ =95 Torr f Α Δ } , 790 
T o r r ( · О), 380 Torr (Τ V) and 760 Torr 
(• π). The transitions are v ? o R ( i / 3 ) 
M filled symbols) and v 7 5 Q ( 3 , 3 J C02 
[A--. , open symbols) 
z/D 
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Here the linestrength S is described by (7) and G is the Doppler broadened l i -
neshape function at 295 K. All parameters are known for the v5aR(3,3) transi-
tion and (17) yields a (v.)=30 rn'Morr" ' . Saturation leads to a smaller 
absorption strength [22] , 
о = ao/(1+E/Rp)* (18) 
where E denotes the excitation pump rate and Rp equals the relaxation rate re-
populating the ground level and depopulating the excited level. From the values 
of α , p. and (18) one calculates E/R=0.67, 0.63, 0.63 and 0.70 Torr for 
p, =0.017, 0.032, 0.069 and 0.17 Torr, respectively; the average value is 
0.67(4) Torr (1 Torr=l Torr at room temperature). 
In f i g . 5 saturation causes A - « - to drop faster with Zp than A__. with 
ζ . Without saturation effects both would show approximately the same behavi­
our; A - - , depends on molecular density, rotational temperature and flow veloc-
-1 5 ity and is found for large ζ proportional to ζ ' , whereas A _ n _ appears 
proportional to Zp ' for large Zp. 
Applying (18) to the jet yields an absorption attenuation factor propor­
tional to ρ for large saturation parameters. With (14) one obtains an atten­
uation proportional to ζ . This describes the observed behaviour reasonably 
well. For ρ =95 T o r r , A p ^ / A - p . leads to a value of E/R of about 5 Torr .This 
value is larger than E/R from the background measurements, due to the higher 
CO- laser intensity focused in the jet. For larger ρ the saturation becomes im­
portant at larger Zp because of the increased density (18). A more quantitative 
approach to E/R has not been attempted in view of the varying laser beam in­
tensity along Xp. 
Saturation influences the excited fraction of molecules, which will be dis­
cussed in section 4.2. 
3.3. Infrared-infrared double resonance 
The 13CO« 9P8 laser beam, with a power of 2.4 W produces the NH- transi­
tion 
h v C 0 2 
a(3,3) -> 2s(4,3) (19) 
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T h e induced changes of the p r o b e laser a b s o r p t i o n , ΔΑ, are measured f o r t h e 
g r o u n d and exc i ted state and t h e rotat ional levels ind icated in table 1. T h e t w o 
hot band t r a n s i t i o n s v ^ v . . •ν« have been i d e n t i f i e d f r o m a Four ier t r a n s f o r m 
s p e c t r u m , k i n d l y s u p p l i e d b y Johns [ 2 3 ] ; ν..28(3(3,3) at 3386.925(5) cm and 
v , 2 s Q ( 4 , 4 ) at 3386.815(5) cm are in good agreement w i t h t h e calculated pos i­
t ions of [ 1 1 , 1 2 , 1 3 ] , 3386.926(10) c m " 1 and 3386.809(10) c m " 1 . 
T h e IRIRDR l ineshapes of t h e 2 s Q ( , 3 ) t r a n s i t i o n are d i s p l a y e d as f u n c t i o n 
of t h e CCL f r e q u e n c y in f i g . 6a f o r d i f f e r e n t combinat ions of Zp, ζ and ρ . 
T h e FWHM is estimated f r o m t h e laser c o n t r o l vol tage and discussed in section 
4 . 1 . 
In f i g . 6b the IRIRDR l ineshape is d isp layed as f u n c t i o n of the CO- laser 
f r e q u e n c y , scanned o v e r t h e gain p r o f i l e . T h e IRIRDR signal is asymmetric w i t h 
respect to t h e power c u r v e , due to the d e t u n i n g of 78 MHz between v« t r a n s i ­
t i o n and CO~ laser center f r e q u e n c y . T h e FWHM of the gain p r o f i l e is estimated 
f r o m t h e laser c o n t r o l v o l t a g e . 
Δ A (·/.) ΔΑ(α.υ.)/Ρ(α.α)-
Figure 6: IRIRDR lineshapes for the ЛзСЦЗ^З] transition. In 6a vs CCL fre­
quency for ζ =1.10 mm, z^=1.08 mm, ρ =95 Torr (J); ζ =1.10 mm, z^=1.10 mm, 
ρ =190 Torr Q) ; ζ =2.21 mm, zE=2.11 mm, ρ =190 Torr ( 5 ) ; and ζ =3.31 mm, 
mm, ζ =3.21 mm, ρ =380 Torr @ . In 6b vs C O ? laser frequency for ζ =1.10 
zr=1.08 mm, ρ =95 Torr. The values of FWHM are in MHz. Also in 6b is the CO-
с " o ¿ 
laser power curve ( ) . 
98 
Af/f(·/.) 
.s(1,0) 
• 5 ( 1 , 1 ) 
. α(2,0) 
• s(2,2) 
α(3,3) 
s(3.3) 
. s(3,0) 
• s(3,2) 
. α(«,0) 
. 5(4,3) 
• a(4,4) 
.io 
Α · * * ^ . 
.10 /ν 
ί ^ 
* 2s(3.3) 
οοο 0.10 oso LOO 0.00 aio aso ιοο 
/ΓΝ (Zp-ZE)(mm) ® 
Figure 7: CO- laser induced population changes, àf/f, in 7a, and the corrected 
changes, bf.. Jf, in 7b, vs f ζ -ζ,-) for ζ =2.21 mm and ρ =190 Torr. direct p e p о 
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The induced change in absorption, ΔΑ, is measured for ρ =95, 190, 380 
and 760 Torr at ζ =1.10, 2.21, 3.31 and 4.42 mm with z^ varying from zero to 
ζ . The relative change of fractional population of a ground state level amounts 
to 
Af(J,K)/f(J,K) = AA(J,K)/A(J,K) (20) 
The fractional population f of the excited state is negligible without CO~ laser 
excitation. We assume that the transition dipole moment of the hot band transi­
t ion, -Л ^- ^, is the same as the transition dipole moment of v , , i.e. 
Af2(J,K)/f(J,K) = AA2(J,K)/A(J,K) (21) 
where A(J,K) denotes the absorption and f ( J , K ) the population of the corre­
sponding ground state transition (2sQ(3,3) corresponds with sQ(3,3) and 
2sQ(4,4) with sQ(4,4)). The absolute changes in population are Af(J,K) and 
Af2(J,K). In f i g . 7a tfU,K)/f and Af2(J,K)/f are plotted against (z -z^, for 
ζ =2.21 mm and ρ =190 Torr . The uncertainty in Af/f is typically about 0.2%. 
The lower ground state levels show a huge depopulation at larger values of 
(z -Zp), up to 20%. This is due to the temperature rise following V-R,T relaxa­
t ion. The V-R,T relaxation is so fast that it competes with direct R-R processes 
between the ground levels. The temperature rise does not severely influence the 
v~ levels; therefore Af2(3,3)/f yields this direct information in a straightfor­
ward fashion. 
In spite of the thermal effect distinct R-R processes are observed for the 
ground levels, too. The a(3,3) level is depopulated by the excitation at Zp=z ,a 
16% effect. The depopulation of s(3,3) follows through the inversion relaxation 
process and is equilibrated with a(3,3) for (z -Zp)>0.10 mm. The other ortho 
species (K=0,3) show a more rapid depopulation than the associated para species 
(K=1,2,4) for small (z -Zp); compare for instance Af(J,K)/f for the s(1,0) and 
s(1,1) levels. Under the assumption that the para species are only influenced 
by the thermal effect [8] we determine the associated temperature rise from 
their ¿A(J,K). To this end the jet absorption A (J ,K ) , calculated from (11) with 
Τ and В from 3 . 1 . , is used. 
The jet absorption after CO« laser excitation, A ( J , K ) , equals 
A*(J,K) = A(J,K) • AA(J,K) (22) 
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From the Boltzmann plots of A ( J , K ) the excited jet temperatures Τ are calcu-
lated. In f i g . 8 the relative increase in temperature, ( T - T ) / T , is plotted vs 
c, a relative measure for the relaxation time between т.
г
 and ζ , see section 4. 
Ε ρ 
The temperature increase can be more than 50%. From the data of f i g . 8 we will 
determine the V - F ^ T relaxation time in 5 . 1 . 
(T7-Tr)/W.) (ТМЖСЛ.)-
cfmm-1) 
Figure 8: The CO- laser induced rotational temperature increase, 
IT* -T )/T , vs the relaxation parameter, c, for ρ =95 Torr ( Δ } , 790 Torr ( О ) , 
380 Torr (VJ and 760 Torr ( o ) , for values ζ =1.10 mm [a], 2.21 mm ( b ) , 3.31 
mm ( c ) and 4.42 mm (d). The extrapolated curves, τ p=0, are 'indicated by 
) . 
The assumption that the para species are subject only to thermal effects is 
not entirely t r u e . This is obvious from the observation of population of the ex­
cited para level 2 s ( 4 , 4 ) , probably due to energy t r a n s f e r processes where one 
collision partner ( e . g . of ortho species) looses its \~ energy to the other colli­
sion partner ( e . g . of para species), see f i g . 1b. The influence of this process 
* * 
on Τ is estimated to be small; the thermal effect of ( T -T )>0 on the para 
г г г 
level populations dominates other effects, see f i g . 7a. 
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The values of Af(J,K)/f are corrected for the temperature rise; its con-
tribution is calculated from (T -T ) and subtracted. In f ig. 7b the resulting 
Af . Λ-Ι,ΙΟ/ί are displayed against (z -z r) for ζ =2.21 mm and ρ =190 Torr, direct r ' э ρ Ε ρ о 
corresponding to Af(J,K)/f of fig 7a; Af. .2U, K)/f=Af2(J, K)/f because this 
excited level population is not very sensitive to a temperature rise Indeed a 
distinct difference appears for Δί , .(J,K)/f of ortho and para species. The 
uncertainty m the thermal correction increases with (z -z F ) , because the rela­
tive contribution of the thermal effect increases. The uncertainty is mainly due 
to changes of CO- laser power between probing of different (J,K) levels. These 
changes are magnified through (T -T ) and are observed for instance as a de­
viation from zero for Δί , .(J,K)/f of the para species 
From fig 7b the overall impression is that the depopulation of a(3,3) is 
transferred, first to s(3,3) and thereafter to the other ortho levels of the 
ground state. The 2s(3,3) level is first populated by energy transfer from the 
excited 2s(4,3) level and then depopulated by various relaxation processes. 
The CO- laser induced absorption of the 2sQ(4,4) transition has not been 
studied in detail; it was only compared qualitatively with 250(3,3). The 
2sQ(4,4) absorption reaches a maximum at values of (z -Zp) for which the 
2sQ(3,3) absorption is already clearly decreasing; this gives an indication that 
the 2s(4,4) level is populated slower than the 2s(3,3) level We have not yet 
probed the directly excited 2s(4,3) and other v- levels. 
4. EFFECTIVE EXCITATION OF THE MOLECULAR JET 
The relaxation results depend critically on the assumption that for constant 
ζ the effective excitation does not vary with (z -z F ) . The factors that influ­
ence the effective excitation are the pump-probe geometry and saturation 
U.I. Pump-probe geometry 
As mentioned m 3.1. the probed region, Ay , is related to the local Imew-
idth, Δν, by expression (10). The excited region can be described by Ay.-, at 
jet position zE; AyE equals 0.6 b. . At position ζ the diverging streamlines 
render the effectively excited region. Аур, larger, 
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ЛУ
Е
 = Δ ν
Ε
( ζ
ρ
/ ζ
Ε
) (23) 
As a consequence the ratio of excited to probed region, M, becomes 
M = U v D / A v ) U y E / z E ) (24) 
In this experiment ζ is kept constant and M is proportional to (Δγρ/ζ^). 
In f i g . 6a the IRIRDR lineshapes as a function of \>__. show a decreasing 
linewidth, 290(15) MHz at ζ =1.10 mm, 200(15) MHz at 2.21 mm and 180(15) MHz 
at 3.31 mm. In all cases (z -zF)<0.05z , i.e. AyF=Ay_. 
If Ay > > Ay F the IRIRDR lineshape is determined by the local Doppler width 
Δν, which is 184, 156 and 165 MHz, respectively at ζ =1.10, 2.21 and 3.31 mm. 
If Ду
Е
»Ду the IRIRDR lineshape is determined by Лу^ through (10), where ρ 
is substituted for E. With b. = 0.70 mm, Дур=0.41 mm and the corresponding l i -
newidths are 122, 62 and 41 MHz, respectively. The observed linewidths are in 
good agreement with the combined influence of Δν and Δγρ and well within the 
jet absorption linewidth of about 650 MHz, as inferred from [15]. 
From considering Ду and Аур it follows that M is about 0.67, 0.49 and 
0.25, respectively, at ζ =1.10, 2.21 and 3.31 mm; only part of the probed re­
gion is excited. 
In (24) the influence of varying Zp is described. For M>1 the complete 
probe region undergoes excitation and a decrease of Zp would yield no di f fer­
ence. For M<1 excitation is incomplete and a decrease of Zp would increase the 
effective excitation. In our case M<1 and this geometric effect yields an effective 
excitation proportional to Zp . 
4.2. Saturation 
The saturation of the excited transition has two consequences. The f i r s t 
is an increase of Лур with Zp; Дур is de distance between the points where the 
excitation assumes the half maximum values (for the 'non-saturated case, 
Δγρ=0.6 b, ). From saturation line broadening [ 2 2 ] , we infer, 
AyE = ( 0 . 6 b h ) ( T E / R p ) * (25) 
where E/Rp denotes the saturation parameter. For large saturation parameters 
Дур becomes proportional to Zp, see (14) and (25). The increase of Ду- en-
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hances the excited fraction (24). In the completely saturated regime of low ρ 
and large (ζ ,Ζρ), the IRIRDR signal is observed to increase with laser power, 
which reflects the increase of Ду^ as described by (25). 
This Zp dependence is offset by the second consequence of saturation; the 
larger the saturation, the smaller the excited fraction of molecules. This effect 
* is shown in f i g . 8d where for low ρ and large ζ , (T -T )/T increases with с 3
 "о
 э
 ρ г г г 
in a manner that cannot be due to V-R,T relaxation. It reflects the increase of 
excited fraction for smaller Zp. For E>>Rp the excited fraction is roughly pro-
-2 portional to the relaxation rate Rp and therefore to z^ ; if there are few rota-
-2 tional levels involved the Zp proportionality becomes a bad approximation; for 
small densities the excited fraction does not approach zero but is determined by 
the depopulation of the a(3,3) level. 
The total effect of pump-probe geometry and saturation amounts to an ef-
-2 fective excitation that is proportional to Zp in the case of large saturation and 
large ζ , where M is much smaller than 1.0. Without saturation, for large ζ , 
the excited fraction becomes proportional to zZ ; for small ζ , where M is of the 
Ε ρ' 
order of 1.0, the excited fraction becomes roughly independent of Zp. 
The effective relaxation between Zp and ζ depends on the number of colli­
sions, which is characterized by 
t 
τρ = f p ( t ) d t (26) 
4 
where tp and t are the excitation and probe time. In the jet, 
ζ 
= Jp(z)dz/v
s
 (27) 
E 
where ν equals ν (z ). As expression for p(z) we use (14), but with K. ad­
justed to yield the experimental value of p(z ).Then 
τρ = K6c (28) 
where с is in mm 
c = ( V z E ) / z p z E ( 2 9 ) 
Ζ 
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and Kc [s .Torr .mm] is a constant determined for each combination of ρ and b о 
ζ 
p
 -2 An excited fraction proportional to z^ causes a 10% higher excitation at 
c=0.05/z as compared to c=0; a proportionality to Zp creates a 10% higher exci­
tation atc=0.10/z . The assumption of an excitation independent of (z -Zp) is 
thus of approximate nature and requires prudent use. Note that for these esti­
mates ζ is assumed to stay fixed and z ^ z is varied, in accordance with the 
ρ Е р ' 
experimental situation. 
5 RELAXATION TIMES 
5.1. V-RT relaxation 
* 
In f i g . 8 the relative change of temperature (T -T )/T is plotted against 
c; i t is influenced by four factors. The f i r s t one is the V-RT relaxation, that 
transforms vibrational into rotational-translational energy. The second is the 
dependence of excitation on Zp. The th i rd is the cooling of the expanding jet 
(T and Τ decrease for larger ζ /D values; (T -T )/T is a relative measure 
г r ρ г г r 
though and is expected to stay constant). The fourth factor is condensation. 
ic 
If one compares (T -T )/T for ρ =95 Torr at ζ =1.10 and 4.42 mm (see 
г г г ο ρ 
f ig 8a and 8d), the relative temperature change shows quite a different depend­
ence on the time-of-fl ight parameter c; for constant excitation one would expect 
that a plateau is reached for larger c-values, where all the excitation energy is 
distributed over the accessible degrees of freedom. In contrast to this expecta­
t ion, no levelling off is seen for ζ =4.42 mm. Note that the time-of-fl ight param­
eter с is proportional to the number of collisions occurring between Zp and ζ , 
see (26) and (28). Apparently ( f i g . 8d) a varying amount of CO- laser energy 
is deposited into the jet molecules, for different Zp values; this is not in con­
tradiction with the conclusion at the end of section 4. There the range 0<c<0.1 
m m - ' has been considered whereas in f i g . 8 one deals with 0<cSl.O mm 
For higher stagnation pressures, condensation effects play a dominant 
role; (T -T )/T shows a sharp decrease and even becomes negative, for large 
г г г 
c-values. This is due to laser induced inhibition of condensation [24] . The heat 
of excitation is more than compensated by the lacking heat of condensation. The 
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same effect has been observed with heated nozzles; one can reach a lower termi­
nal temperature for a higher stagnation temperature. 
* Despite the fact that (T -T )/T does not reach a constant value for 
к
 г г' г ^ 
large с, τ ρ is estimated by extrapolating (T -T )/T from large с to small с va­
lues, τ p=0, and by comparing the experimental and extrapolated curve, see 
f i g . 8. This yields τ p=300(60) ns.Torr . With this value corresponds a 
time-of-fl ight parameter c=0.18 mm for ρ =95 Torr and с^О.ОЭ mm for ρ =190 
Torr . Another way to determine τ ρ is to consider for a fixed value of z,-, 
' ν E 
(Τ -Τ )/T as a function of ζ (in this method the excited fraction is constant 
r r' r Ρ * 
[25]) . One finds τ p=260(50) ns.Torr . The V-RT relaxation time is estimated 
it from both methods, τ p=280(50) ns Torr and displayed in table 2. 
5.2. R-R and V-V relaxation 
Correcting Af(J,K)/f for the V-RT energy release reveals direct relaxation 
processes that are sensitive to particular (J,K) levels, see fig 7b. For ortho 
species Δί , ./f can be described by 
A f d | r e c t / f = A(1-exp(-t/T | p))exp(-t/T d p) (30) 
By (30) two relaxation times are defined; т ρ for the direct process, which leads 
to population transfer between the two laser (de)populated levels a(3,3) and 
2s(4,3) and their neighbouring levels, and τ ,p for e.g. processes leading to 
equilibrium between ortho and para species and V-RT relaxation. Note that the 
a(3,3) level of the ground state, depopulated by the CO- laser, experiences on­
ly t j P processes. To extract relaxation times Δί , ./f (or -Δί , ./f if nega-
' ar r direct direct э 
tive) is plotted logarithmically vs с for all combinations of ρ and ζ ; see f i g . 9 
for ρ =190 Torr and ζ =2.21 mm. For large с values the Δί . ./f data are cal-o ρ " direct 
culated as (small) differences relative to a smooth curve which is determined 
from the para-level responses; the differences can drop below the abcissa ( e . g . 
f i g . 7b, s(1,0)) due to the uncertainty of this substraction procedure. For the 
f i t of (30) this means that, in some cases, an eye-fit base line had to be adapted 
going through the origin with a non-zero slope. The data of f i g . 9 are relative 
to these base lines. The values of τ ρ and τ ,p are connected to с and с • by 
(28) , 
τ,Ρ = K6c | (31) 
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Tdp " V d (32) 
I t fol lows f r o m (30) t h a t 
l n [ A f d i r e c t / f ] = 1 п [ А ( 1 - е х р ( - с / с . ) ) ] - с / с с (33) 
The decrease of Af ,. . 2 ( 3 , 3 ) / f is well d e s c r i b e d b y a re laxat ion t i m e , τ ,p. d i r e c t ' d K 
f i g . 9 b ; t h e decrease of ûf ,. , . ( J , K ) / f is in f luenced by the tempera tu re cor -
rect ion and the re fo re somewhat unce r ta in . 
Δί d,reci/f C « A W . / f (·/.) 
® 
: i 
• Í 
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Figure 9: The corrected population change, Lf.. If, vs relaxation parame­
ter, c, for ζ =2.21 mm and ρ =95 Torr; in [a) for the levels o ( 3 , 3 ) (A) and 
s[3.3) ( · ) , in lb) for 2s[3,3) (A) and in ( c ) for 5(1,0} ( A ) , a(2,0) ( · ) , 5 ( 3 , 0 ) 
(T) and 5 ( 4 , 3 ) ( • ) . The extrapolations of ( 3 3 ) , c.=0,, are indicated by ( ) . 
T h e s l i g h t increase of the exc i ted f r a c t i o n f o r smaller z,- values ( i . e . f o r 
l a r g e r c, i f ζ is kept c o n s t a n t ) tends to lengthen τ .p. In.most cases t h o u g h we 
o b s e r v e a p u r e exponent ia l decay, which s u p p o r t s us t o i g n o r e t h i s e f f e c t . A t 
most i t can increase τ ,p by 2Cfo. 
T h e τ ,ρ values are c o r r e c t e d f o r the l imited spatial r e s o l u t i o n . Note t h a t 
t h e e x c i t a t i o n is not a delta f u n c t i o n at c=0; i t is spread o v e r an i n t e r v a l of c, 
as can be seen f rom t h e i n s t r u m e n t a l r ise t ime of Af .. . a ( 3 , 3 ) / f . For ζ =1.10 
d i r e c t ρ 
mm and ρ =760 T o r r t h e decay t ime τ .ρ of 2 s ( 3 , 3 ) c o r r e s p o n d s t o c=0.017 m m " ' , 
w h i c h makes t h e c-dependence of A f 2 s ( 3 , 3 ) / f due o n l y to the p u m p - p r o b e geom-
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etry. From the ln[Af .. .2s(3,3)/f] vs c-curve it appears that the geometry 
effects can be translated into an effective decay time, τ ρ, which corresponds 
2 - 1 ^ 
to с =(0.036 /ζ )mm which is used as correction (z in mm). 
g ρ ρ 
Unless stated otherwise the obtained relaxation times are the averages over 
all combinations of ρ and ζ , which means temperatures ranging from 50 to ПО 
К. The spread in results is too large to draw conclusions about the temperature 
dependence; there is no dependence within uncertainties. We observe no sys­
tematical dependence on ρ , indicating that the influence of clusters is small. 
For the decay of the excited state, 2s(3,3), we find τ ,p(2s(3,3))=170(30) 
ns.Torr . For the decay of the ortho ground states we obtain an average, 
tdp(J,K)=120(30) ns.Torr*. 
The relaxation time τ. is shorter than τ .; it is determined in two manners. 
First Ιπ[Δί .. . / f ] as it decays is extrapolated to c=0, yielding A from 
l n t A f d i r e c t / f i = , n A - c / c d ( 3 4 ) 
Further the observed maximum value A of Af ,. ./f is given by 
m direct э ' 
A /A = ( Τ α Γ ( 1 + α ) α σ (35) 
m 
where a=c./c .; combining (34) and (35) yields c . Secondly c. is determined by 
comparing the extrapolated Af .. ./f from (34) with the real observations de­
scribed by (33). The value of c, where the ratio of these two is 0.68, equals c . 
Both methods yield values of τ.ρ in agreement with each other. 
For ζ =1.10 mm the values of τ.ρ must be corrected for the effect of limited 
spatial resolution. For larger ζ this effect may be ignored. For the different 
ortho states the relaxation times τ.ρ are displayed in table 2, together with the 
values for τ ,p;the average ground state value is τ.ρ=56(20) ns.Torr , the ex­
cited ortho state rise time amounts to 20(8) ns.Torr . 
The fastest τ.ρ is observed for s(3,3); it corresponds to the inversion re­
laxation time τ. ρ which describes the speed of achieving equilibrium between 
the two inversion levels; it is obtained for about 50 К by plotting 
ΙηίΔί .. .a(3,3)/f-Af .. .s(3,3)/f] vs с for ζ =4.42 mm, ρ =95 Torr and 1
 direct direct J ρ r o 
ρ =190 Torr. The resultant time, τ. p=7.6(20) ns.Torr , has been corrected 
о inv r 
for geometrical effects. 
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T h e decay t i m e s , T J P , are s h o r t e r t h a n τ ρ determined in 5 . 1 . T h e reason 
is t h a t o r t h o - p a r a v i b r a t i o n a l exchange processes, w i t h a re laxat ion t ime τ ρ, 
c o n t r i b u t e t o τ .ρ, 
(36) T j - P - ( τ ρ + τ ρ ) d e r ν κ o p r 
Table 2: Relaxation times determined from IRIRDR measurements together with 
the effective collision cross sections. All relaxation times are ex­
it 
pressed ¡η ηs.Torr and reflect a temperature range of SO to 110 K, 
¡2 
except τ . ρ at 50 К. Cross sections in A . 
relaxat ion 
process 
R-R g r o u n d state 
average 
R-R v 2 state 
R-R invers ion 
d o u b l e t 
V - R T v 2 t o 
g r o u n d state 
level 
TjPSÍbO) 
т
і Р
а ( 2 , 0 ) 
Т ( Р 5 ( 3 , 0 ) 
^ р 5 ( 4 , 3 ) 
T dP 
^ р 2 5 ( 3 , 3 ) 
Ve" 
T d e p 
t i n v P ( 3 , 3 ) 
V 
re laxat ion 
time 
45(15) 
64(20) 
56(20) 
75(30) 
56(20) 
120(30) 
20(8) 
20(8) 
170(30) 
7.6(20) 
280(50) 
e f f e c t i v e 
cross section 
122(44) 
342(137) 
1137(296) 
24(4) 
comment 
ΔΚ=3 
ΔΚ=0 
ΔΚ=0,Δϋ=0 
V - V o r t h o t o para τ ρ 
gas k inet ic 
425(190) 16(7) 
37 
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for the excited state and 
v = ( \ р " 1 + 2 % / 1 г 1 ( 3 7 ) 
for the ground state; (36) and (37) will be discussed in the following section; 
(36) yields τ p=430(250) ns.Torr* and (37) τ
ο
 p=420(300) ns.Torr*, i.e. the 
average value τ p=425(190) ns.Torr*. op 
The linearity of the Boltzmann plots yields an upper limit for the rotational 
relaxation times; total ortho and para fractions (both 50%) do not depend signif-
Table 3: Maximum values of [de)population (in %) 
P
o
(Torr) 
95 
190 
380 
760 
95 
190 
380 
760 
95 
190 
380 
760 
95 
190 
380 
760 
ζ (mm) 
1.10 
1.10 
1.10 
1.10 
2.21 
2.21 
2.21 
2.21 
3.31 
3.31 
3.31 
3.31 
4.42 
4.42 
4.42 
4.42 
3(3,3) 
18.6(10) 
16.0(10) 
-
-
14.0(5) 
16.0(5) 
14.0(10) 
-
10.5(10) 
12.2(5) 
16.0(5) 
-
11.0(5) 
9.3(5) 
10.0(5) 
-
s(3,3) 
16.5(10) 
9.7(10) 
-
-
11.0(10) 
12.0(5) 
-
-
5.7(10) 
8.5(5) 
-
-
2.2(5) 
5.6(5) 
-
-
2s(3,3) 
11.5(10) 
8.4(10) 
5-4(5) 
1.9(3) 
5.5(10) 
7.1(5) 
8.8(10) 
7.3(10) 
2.5(10) 
4.0(10) 
5.1(5) 
6.0(5) 
-
-
3.4(5) 
3.1(10) 
(J'K^rthoa) 
7.0(20) 
7.5(10) 
-
-
4.0(20) 
4.0(15) 
5.5(10) 
7.0(20) 
1.5(10) 
2.0(5) 
3.0(10) 
3.5(10) 
0.0(5) 
1.0(5) 
2.0(5) 
3.0(5) 
a) ( - ' ' K ) o r t h o denotes the average over s(1,0), 3(2,0), s(3,0) and s(4,3). 
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icantly on Τ for Τ >40 Κ; thus our Boltzmann plots are not sensitive to or­
tho-para transitions. But the fractions in different K-stacks, Z j _ ) < f ( J / K ) / de­
pend strongly on Τ . For lower T . the population of the K=3 stack drops; it 
must relax through ΔΚ=3 transitions to the K=0 stack. The same holds for K=2 
and K=1. For ρ =95 Torr, Τ decreases from 47.6 К at ζ =4.42 mm to 42.4 К at o r ρ 
6.63 mm. For thermal equilibrium this indicates a drop in K=3 population from 
11.2% to 9.4% and an increase of K=0 population from 38.8% to 40.6%. Between 
ζ =4.42 and 6.63 mm, the time available for relaxation amounts to τρ = 123 
ns.Torr . The thermal equilibrium decrease in population of K=3 is 1.8%; the 
Boltzmann plot data yield 1.8i0.7% for this decrease. Consequently the relaxa-
tion time of K=3 to K-0 is smaller than 150 ns.Torr , at Τ =45 К. 
г 
Besides this estimate for ΔΚ=3 transitions, we can also estimate the ΔΚ=0, 
ΔϋίΌ relaxation time. In a single K-stack ( e . g . for K=0) f ( J , K ) changes with 
temperature. For the same conditions as before f(3,0) drops from 1.8 to 1.4%. 
The Boltzmann plots yield a decrease of 0.4±0.1%. Therefore, the relaxation time 
of (3,0) to (J,0) is smaller than 100 ns.Torr , at 45 K. The obtained values of 
t.p are in agreement with these upper limits. 
The magnitudes of Af ,. ./f for c>c. are in agreement with an equilibrium 3
 direct ι 3 ^ 
of the (de)population between all ortho levels, i.e. Af ,. . ( J , K ) / f and 
Δί-ι· .2(J,K)/f assume about the same value for all ortho levels. direct 
The maximum (de)population values of the levels are displayed for the dif­
ferent combinations of ρ and ζ in table 3. The excited a(3,3) experiences the 
highest (de)population, followed by s(3,3), 2s(3,3) and the ortho ground lev­
els, respectively, in this order corresponding to increasing values of τ.p. 
The maximum depopulation for a(3,3) is highest for ζ =1.10 mm and ρ =95 
T o r r , about 19%; the overlap of probed and excited region is best here. This 
overlap diminishes for larger ζ ; for ζ =4.42 mm and ρ =95 Torr the maximum 
a
 Ρ Ρ о 
depopulation is about 11%. Besides incomplete overlap, M < 1 , there is a second 
reason why the maximum depopulation does not reach the attainable 50%. With 
complete overlap and saturation the excited fract ion, f p , equals 
f E =0.50[1/(1*(A/n) 2 )] (38) 
where Δ is the detuning and Ω the power broadening. From f i g . 6b where the 
detuning is varied, we estimate Я=Л, this yields fp=25%. 
I l l 
6. DISCUSSION OF RELAXATION 
The C 0 7 laser radiation promotes transitions from the 3(3,3) level to the 
2s(4,3) level. R-R relaxation restores the equilibrium between the rotational 
levels of ground and excited state, respectively. V-V energy transfer similarly 
promotes rotational equilibrium V-R,T relaxation leads to vibrational equilib­
rium. These processes are schematically indicated m f i g . l b . 
The relevant relaxation times, τ ρ (x stands for the relaxation in ques­
t ion) , are transformed into effective cross sections [26], 
σ
χ
 = τ
χ Ρ
"
1
. Τ " * . ( 6 . Π . 1 0 ~ 5 ) A2 (39) 
* 
with τ ρ in s.Torr and Τ in К. The corresponding number of gas kinetic coll i­
sions, Ζ , necessary for relaxation is 
Ζ = σ /σ (40) 
χ ο χ 
о 
where σ stands for the gas kinetic collision cross section; for NH-, σ =37 A 
о
 э
 3 о 
6.1. V-RT relaxation 
2 Our value of т ρ yields a (80K)=24(4) A at an average temperature of 80 
К (table 2). The value of Hovis and Moore [1] is regarded as the most reliable 
* 2 
one, τ p=770(80) ns.Torr at 295 K, corresponding to σ (295 K)=4.6(5) A . The 
deactivation probability increases by a factor of 5 m the low temperature jet. 
The two values of τ ρ are obtained by different methods. The laser excited 
fluorescence method [1] detects the decay of the population of the v^ level. It 
does not distinguish e.g. between relaxation to high lying rotational levels, as 
observed by Haugen et al [3] for HF(v=1) relaxation, and direct relaxation to 
translation. Our IRIRDR method determines τ ρ from the rotational temperature 
rise obtained from the rotational distribution of para species. The obtained val­
ue of t ρ yields an upper limit to the real vibrational relaxation time. It is for 
instance possible that our τ ρ value is considerably influenced by cascading 
from higher rotational levels, e.g. from the (10,0) and (10,3) levels ( f i g . l a ) . 
The rotational cascading involves energy gaps of 100-200 cm . These 
large gaps tend to render a decreasing R-R relaxation probability for low tem-
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peratures leading us to the conclusion that direct transfer of vibrational excita­
tion into thermal RT energy plays an important role at the low jet temperature. 
Note that σ (80 Κ)=5σ (295 К ) . Such a direct transfer can occur during o r b i t ­
ing collisions, where the interaction time is large. For the strong dipole-dipole 
interaction between NH_ molecules, orbiting collisions become probable at the 
low jet temperatures. 
6.2. R-R and V-V relaxation 
It is established that the conversion between different nuclear spin species 
is a very slow process on the time scale of our experiment. Oka [4] assumes the 
transition between ortho and para species to be strictly forbidden; a point of 
view adopted in the following. 
R-R transitions spread the population deficit of the a ( 3 , 3 ) level to other 
ortho ground state levels, 
RR 
( v 2 = ( U J o ' K o ) ) + ( v 2 = 0 ' ( J ' ' K ' n - ( v 2 = 0 , a ( 3 , 3 ) ) * ( v 2 = 0 , ( J " , K " n (41) 
RR transitions also redistribute the population of the 2 s ( 4 , 3 ) level to other ex­
cited ortho levels, 
RR 
(v2=1,s(4,3))*(v2=0,(J',K·)) - ( 2 = 1 , и о , К о ) ) * ( 2 =0,(Г,К")) (42) 
For both processes the collision partner is a ground state molecule, the fraction 
of excited molecules being smaller than 3%. A collision partner of ortho or para 
species remains in its nuclear spin state dur ing the collision. The result of (42) 
is again an excited ortho level. We have observed though the excited para level 
( v - = 1 , ( 4 , 4 ) ) populated. This is only possible through V - V relaxation, where 
the two collision partners of different species exchange a vibrational quantum, 
k w 
( ν 2 = 1 , Ρ ο , Κ ο ) ) * ( ν 2 = 0 , ( . Γ , Κ · ) ) - ( ν ^ Ο , Ρ , , κ ρ ί Μ ν ^ Ι , ρ - , Κ " ) ) (43) 
This exchange is of course also possible between two ortho collision partners 
( f i g . l b ) . 
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Our assumption that the only influence on the para ground states is due to 
temperature rise must therefore be reconsidered. The correction of ortho 
ground state populations for temperature rise contains the V-V exchange be­
tween ortho and para species, (43). This exchange is characterized by τ p. 
The replenishing of the ortho ground state population deficit contains the V-V 
relaxation twice, because we determine the decay of the difference in population 
of ortho and para levels; this yields (37). The decay of the 2s(3,3) population 
originates both from V-RT relaxation and V-V relaxation, resulting in (36). The 
2 
value of τ ρ corresponds to an effective collision cross section, α =16(7) A , 
ор^ ^ op 
table 2. 
The equilibrium between ortho ground state populations is reestablished 
through (41) and (43), between ortho excited state populations by (42) and 
(43). The R-R and V-V processes produce the same effects, e.g. 
k w 
(v 2 =0,(3,0))*(v 2 =1,(3,3)) - (v 2 =1,(3,0))*(v 2 =0,(3,3)) (44) 
is equivalent to the combination (45) and (46) 
RR 
(v 2 =0,(3,0)) + ( v 2 = 0 , ( J \ K ' ) ) - (v 2 =0,(3,3)) + (v 2 =0,(J",K")) (45) 
RR 
( ν ^ Ι , Ρ ^ υ ^ ν ^ Ο , Ρ ' , Κ ' ) ) - ( ^ І Д З ^ Э ^ ^ О Д Г Ж · ) ) (46) 
R-R relaxation requires ΔΚ=3 transitions, V-V relaxation only ΔΚ=0 transitions. 
In this experiment no information is obtained concerning the relative contrib­
ution of the V-V exchange. It is a resonant process; its influence may be con­
siderable. As upper limit of its associated relaxation time we take τ ρ, which 
o p r 
has the same physical or ig in. In the following we assume process (44) to be un­
important as compared to the combination (45) and (46). 
Ortho ground state populations come to equilibrium within a relaxation time 
belonging to process (41). From table 2 we conclude that this time does not dif­
fer for different rotational levels, within the uncertainties of our experiment. 
The average relaxation time value is denoted τ о and corresponds to an effective 
2 r 
cross section, σ =122(44) A. Surprisingly, the ΔΚ=0 relaxation (4,3)-*(3,3) is not 
faster than the ΔΚ=3 relaxation (J , Κ=0)->·(3,3). The ΔΚ=0 transition is d i -
pole-dipole allowed and is expected to have a larger cross section than the ΔΚ=3 
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transitions. Kuze et al [8] observe a preference for ΔΚ=0 transitions over ΔΚ=3 
transitions. In our case the observed non-propensity is possibly due to the low 
jet temperature (80 К compared to 295 К [8]) which limits the fraction of suit­
able collision partners for the (4,3)-»(3/3) transition (41), see f ig. la. The 
same argument is used by Oka [4] to explain the K-dependence of AJ=1 transi­
tions in MWMWDR relaxation measurements. The relaxation from particular levels 
to (3,3) may occur in various steps; e.g. (2,0)-,·(3,3) may be composed of 
(2,0)-,·(3,0) and ( З ^ - Ч З ^ ) . The contribution of orbiting collisions could be 
important, yielding statistically distributed scattering products. 
From the Boltzmann plots we obtained that ΔΚ=3 transitions between K=3 
* 
and K=0 re-establish equilibrium within 150 ns.Torr , in agreement with 
τ p=56(20) ns.Torr ; AJ=1 transitions were found to be faster than 100 
ns.Torr*, also in agreement with τ p. Klaassen et al [9] calculate the cross sec­
tion for AJ=1 transitions, o=80 Â , which is of the same order of magnitude as 
our σ , table 2. Matsushima et al [7] report for the a(3,2) to a(2,2) transition 
at 295 K, 0=9 A , which appears somewhat low. 
The 2s(3,3) excited state population appears within the relaxation time, 
τ ρ, 42), due to transitions 2s(4,3)-,,2s(3,3); τ ρ corresponds too =342(137) 
re re re 
A^, see table 2. This transition is probably due to two dipole allowed transi­
tions, 2s(4,3)->2a(3,3) and 2a(3,3)->2s(3,3). This sequence decreases the exot-
hermicity from the single step value of 79 cm to an exothermicity per sequence 
of 42 and 37 cm , see f ig. la; σ characterizes ΔΚ=0 transitions in the т lev-
3
 re 2 
el; they are about 3 times as probable as ΔΚ=3 transitions in the ground level. 
The inversion relaxation time, χ. о at 50 K, is denoted in literature 
invK _ 
[27,28] by T. and is equivalent to an effective cross section, σ..=1137(296) A . 
The population difference between s(3,3) and a(3,3) decays due to the inver­
sion transition 5(3,3)-»·3(3,3), characterized by ο. , and due to transitions to 
and from other rotational states, s O ^ Í ^ Í J ' , К') and (J", K ' ^ a P ^ ) , character­
ized by о . For NH- it is established [27,28], that for the inversion doublets 
o, = 2a. *a (47) 
1 mv s 
and 
o- = ο. +σ (48) 
2 mv s 
where σ_ is equivalent to a relaxation time T_, characterizing the decay of the 
macroscopic polarizability, and equal to (1/2itï); ï (HWHM) denotes the pressure 
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broadening halfwidth. From (47) and (48) follows ο. =σ,-α» and T ^ T - . For the 
(3,3) doublet at room temperature Amano et al [28] found σ.|=1.40σ_. This me­
ans σ. =0.40α7 or о. =0.290,. At room temperature У=24.2 MHz Torr [29] , 
which corresponds to σ_=532 Â . This yields σ. (295 K)=213 A . The temper­
ature dependence of У(3,3) has been determined by D agg et al [29]; extrapo-
lation to 50 К yields σ„(50 K)=927 A . If the same temperature dependence 
applies to a. , α. =0.40σ- yields o. (50 K)=366 A^. Our value of a. renders r r
 mv mvp 2 ' mv 1 
a. (50 K)=330(86) A, assuming a. =0.29 o. also at 50 K. The two estimates for mv ιην ι 
o. are in good agreement, but are both critically dependent on the ratio Oi/o·? 
which may vary with temperature. 
A significant temperature dependence of τ ρ, τ.ρ and τ ,ρ is absent; this 
indicates a proportionality of the associated cross sections roughly withT *, see 
(39), or ν ., where ν . is the relative velocity. Anderson's theory yields ap­
proximately the same dependence [ 9 ] . 
7. CONCLUSIONS 
This paper presents data for vibrational and rotational relaxation of NH- at 
low temperatures obtained by IRIRDR in an expanding jet. The relaxation is de­
fined by the time of f l ight between excited and probed region. 
The jet parameters crucial to this experiment are rotational temperature, 
molecular density and flow velocity. The rotational temperature and the molecu­
lar density are obtained from the CCL absorption. 
Deriving quantitative information from the pump-probe experiment is not 
t r iv ia l . The excited fraction of molecules varies with the distance between pump 
and probe region due to a variation of geometrical overlap and saturation. 
The vibrational relaxation is determined from the rotational temperature 
rise in the jet . The vibrational deactivation probability is about 5 times larger 
for 80 К than for 295 K. The vibrational relaxation is an order of magnitude 
slower than the rotational relaxation. Vibrational exchange between ortho and 
para species occurs on the same time scale as vibrational relaxation. 
Rotational relaxation times in the ground and the excited v- state are de­
termined. The time resolution of our method permits to detect and determine the 
inversion relaxation rate between the a(3,3) and s(3,3) levels. 
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T h e advantage of t h i s method is t h e low t e m p e r a t u r e t h a t can be a t t a i n e d 
at densit ies o r d e r s of magni tude h i g h e r t h a n t h e v a p o u r d e n s i t y . 
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CHAPTER VI 
MULTI-PASS TRANSVERSE PHOTO-ACOUSTIC CELL 
ABSTRACT 
A small volume multi-pass cell for photo-acoustic detection is described. 
Its transversely excited cylindrical cavity allows about 30 passes. The pressure 
and frequency dependence have been described with a simple model. 
This model is used to calculate the optimum design parameters for maximum 
sensitivity. A non-resonant design is shown to be best for low pressures (1 
Tor r ) . For high pressures the resonant design is advantageous if combined with 
a multi-pass operation. The described transverse cell can be as sensitive as the 
commonly employed longitudinal cell. 
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1. INTRODUCTION 
Photo-acoustic detection (PAD) of absorbed laser radiation has found its 
use in wide areas. There are many applications in gas spectroscopy, e .g . Dop-
pler limited [ 1 ] , Doppler free [ 2 ] , Laser-Stark [3] and multiphoton spectrosco-
py [4 ] . PAD is also applied in f luid [5] and surface studies [6 ] . Line strength 
measurements [7] and power monitoring [8] are performed with PAD as well as 
measurements of relaxation processes, mostly concerning energy transfer from 
vibration to translation [9,10] . A very promising application of PAD is trace 
analysis. For a review on PAD see West et al [12] and Tam [13]. 
The most commonly employed photo-acoustic cell (PAC) is a cylinder-
shaped cell where the laser beam travels along the axis. There are two types of 
longitudinal cells: the non-resonant small type, whose sensitivity benefits from 
its small volume [14] and the resonant, bigger type whose sensitivity takes ad-
vantage of constructive acoustical wave interference [15]. The sensitivity can 
be enhanced fur ther by a multi-pass configuration [15,16]. Placing the pho-
to-acoustic cell inside the laser cavity can increase the laser power by two or-
ders of magnitude; the disadvantage is the occurrence of mode hops already for 
small absorptions, as pointed out by German [17] . 
We have explored another type of cell: a cylinder-shaped cell where the la-
ser beam travels radially and makes a (large) number of passes. A similar type 
of cell has been employed before by Aoki et al [18] and Ioli et al [19]. In this 
paper results are presented regarding PAD with this type of cell over a wide 
range of pressures and frequencies. In section 2 the experimental set-up and 
lay-out of the cell is given. Section 3 presents the results; single and mul-
ti-pass operation are compared; strong, medium and weak absorbers are 
probed; the dependence on modulation frequency is measured. A model is devel-
oped in section 4 to quantitatively discuss the obtained results in section 5. In 
section 6 the model is applied to compare longitudinally and transversely excited 
cells. 
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2. EXPERIMENTAL 
The employed laser radiat ion or ig inates f rom a color center laser (Bu r l e i gh 
FCL-20) and permits us to probe t rans i t ions in the wave length region of 2 .5 -3 .2 
+ 
vm. The color center laser is pumped w i th the 647 nm l ine of a Kr laser. The 
laser radiat ion is s ingle mode. The i n f ra red beam is chopped (e i the r mechan-
+ 
¡cally or w i th an e lec t ro -op t i c modulator (EOM) inser ted in the Kr pumping 
beam) and coupled Into the PAC t h r o u g h a 3 mm t h i c k CaF- w indow. A t t he cell 
ent rance the laser beam has a diameter of about 2 mm and a power of the o rde r 
of 1 mW. 
In f i g u r e 1 the employed t ransve rse l y exc i ted PAC is d rawn toge ther w i t h 
a long i tud ina l l y exc i ted ce l l . The PAC consists of a stainless steel envelope con -
ta in ing a re f lec t ing r i n g , a microphone, an ent rance window and gas supp ly 
channels . The re f lec t ing r i n g Is made of a piece of p y r e x t u b i n g ( 0 39 mm), 
gold coated on the ins ide , w i th a 3 mm s i l t to admit t he laser beam. The he ight 
is 10 mm. The e lect re t microphone (Phi l ips LBC 1055/00) Is s i tuated above th i s 
r i n g and has a sens i t i v i t y of about 20 mV/Pa over the f r equency range of 100 Hz 
to 17.000 Hz (-3 dB p o i n t s ) , at atmospheric p ressu re . The membrane has a d i -
ameter of 13 mm and is suppor ted on the c i rcumference and in the cen t re . The 
gas supp ly and pump of f takes place t h rough th ree small holes ( 0 2 mm) in the 
transversaUy 
«Kited cell 
Figure 1: Schematica! drawing of a 
transversely, and a longitudinally ex-
cited cylinder shaped cell, with radii 
Rj. and R. and lengths LT and L. , re-
spectively. The laser beam passes 
through window W. In the transverse 
case the beam Is multi-passed in a ra-
dial plane. In the longitudinal case 
the beam passes along the cylinder ax-
is. The microphone M is placed In the 
bottom of the cylinder in the trans-
verse case and in the cylinder wall In 
the longitudinal case. 
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bottom and can be shut by a valve directly outside the cell. The total volume in-
3 3 
side the reflecting ring amounts to 11 cm , that of the microphone to 6 cm and 
3 
that of the gas supply and window hole to 3 cm . 
The modulated laser radiation is absorbed and promotes the sample mole­
cules into a vibrationally excited band. The vibrational energy relaxes to ther­
mal energy, yielding a pressure modulation which is detected by the microphone 
and a lock-in detector. 
The total noise at the lock-in output (typically 1 s integration time) con­
sists of electronic and acoustic noise. With the EOM chopper we observed that 
the noise drops off with increasing modulation frequency, v, like ν (peaks oc­
cur at 50 Hz and 100 Hz) until it reaches a steady level of about 10 nV above 
400 Hz. With the mechanical chopper (600 Hz or 750 Hz) the noise increases to 
about 50 nV due to acoustical interference. 
The laser radiation absorbed by the reflecting ring causes a background of 
about 50 nV/mW, which disappears if one uses frequency modulation instead of 
amplitude modulation. There remains the noise caused by the laser output fluc­
tuations, this noise being of the order of 1% of the photo-acoustic signal. 
The ring reflector causes the admitted laser beam to travel through the ab­
sorption region several times before reaching the entrance slit again. The losses 
per reflection are estimated to be 2%. The cylindrical cavity causes the beam to 
expand over the entire ring region. If the entrance slit is reached again the 
transmission losses are reduced to the order of slit width divided by circumfer­
ence i.e. to about 3%. Assuming 2% loss for the f i rs t 10 passes and 5% loss for 
the following passes one arrives at an effective number of passes of 26. This 
f igure of merit can be improved to about 100 by using a smaller slit and provid­
ing for smaller reflection losses. 
The pyrex ring must be parallel to prevent the beam from wandering off 
during the large number of passes. The parallellism of the tube from which the 
ring is cut ensures more than 50 passes. The alignment of the ring is straight­
forward and not very cr i t ical . 
3. RESULTS 
This PAC has been tested over a pressure range from 0.1 t o r r to 600 torr 
and for a modulation frequency range from 1 Hz to 10 kHz. We worked with CO-
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and N-O in p u r e and d i l u t e d f o r m , w i t h large d i f f e r e n c e s in a b s o r p t i o n 
s t r e n g t h . In Table 1 these gases are l is ted t o g e t h e r w i t h t h e t e s t e d v i b r a t i o n a l 
b a n d , the laser r a d i a t i o n wavenumber [cm ] and t h e a b s o r p t i o n s t r e n g t h , β 
[m t o r r ] , of t h e p r o b e d t r a n s i t i o n . T h e a b s o r p t i o n s t r e n g t h s f o r p u r e CO-
and N-O have been measured in an a b s o r p t i o n c e l l . T h e values f o r t h e CO-I and 
CO_l l m i x t u r e s have been calculated f r o m t h e i r c o n c e n t r a t i o n . T h e CO^I I m i x ­
t u r e is an a i r sample w i t h i ts natura l a b u n d a n c y of about 300 p p m . 
Table 1: Cases used In the experiment together with their vibrational band , 
employed wave number and absorption strength β. 
GAS V I B R A T I O N A L WAVENUMBER β 
BAND [ c m " 1 ] [ m " 1 t o r r " 1 ] 
C 0 2 1001 *• 00% 3737 4 . 7 
C 0 2 l (3% C 0 2 in 1001 - 00 0 0 3737 0.14 
a i r ) 
C 0 2 l l (-300 ppm 1001 <- 00 0 0 3737 0.0014 
CO- in a i r ) 
N 2 0 11
11 «- 0 ^ 0 3480 0.48 
3.1. Comparing single-pass and multi-pass performance 
Replacing t h e r e f l e c t i n g r i n g b y b lack material changes t h e mul t i -pass a r ­
rangement i n t o a s ing le pass one. In f i g u r e 2 t h e photo-acoust ic a b s o r p t i o n s i g ­
n a l , I [ u V ] , is p l o t t e d against p r e s s u r e f o r these t w o a r r a n g e m e n t s . T h e N-O 
p r e s s u r e ranges f r o m 0.3 t o 300 t o r r f o r a modulat ion f r e q u e n c y of 600 Hz. T h e 
i n f r a r e d power is 0.75 mW; however, I is normalized to an i n f r a r e d power of 
1.0 mW. 
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Figure 2: The photo-acoustic signal I is plotted against the cell pressure p, 
multi- and single-pass operation; [a] is the experimental curve for the mul­
ti-pass system, (b) Is the calculated curve for the multi-pass system, (c) and 
(c/J are the experimental and the calculated curve for the single-pass system. 
The upper straight line is the extrapolation for a=1 to low pressures. 
I * ' ' •' 
ο ι 1 » ЧЮ 1000 
ρ (Torr) 
Figure 3: The photo-acoustic signal I is plotted against the pressure ρ for 
three mixtures of CO- gas. Curve [a) shows the experimental result for pure 
Ç02, (6} Is for CO^I and (c) is for CO^II. The straight line is the extrapo-
lation for a=1 to low pressures for pure CO-, 
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Going from single to multi-pass the ratio I (multi-pass)/! (single- pass) de­
pends on the pressure and decreases from about 50 for 1 t o r r to 10 for 7 t o r r 
and to 2 for 90 t o r r . 
3.2. Photo-acoustic signal for different absorption strengths 
In Figure 3 I is plotted against pressure for CO-, CO-I and CO-II. The 
modulation frequency is 750 Hz. The infrared power amounts to 3.1 mW; howev­
er, I is normalized again to 1.0 mW. 
The different gases, with different absorption strengths reach their maxi­
mum of I for different pressures; CO- at 7 t o r r , CO2I at 10 t o r r and CO-II at 
100 t o r r . For CO- and CO2I the I signal assumes the same value for high pres­
sures, whereas for CO-II I remains smaller. Noteworthy is the decrease of sig­
nal with high pressures for both the CO- and N-O measurements. 
3.3. The photo-acoustic signal for various modulation frequencies. 
Concerning the results of sections 3.1 and 3.2 the laser beam is chopped me­
chanical ly, resulting in a trapezoid amplitude modulation. As regards section 3.3 
the chopping is achieved with the EOM resulting in a sinoidal amplitude modu­
lation. In f igure 4 I is plotted against the modulation frequency, v, for three 
different cell pressures: 0.3 t o r r , 1.5 t o r r and 100 t o r r . The frequency ranges 
from 1 Hz to 8 kHz. The gas is COj. 
For 100 torr the signal decreases with frequency as ν , below 1 kHz. 
Above 1 kHz resonances come into play. For 0.3 t o r r the signal stays essentially 
constant below 1 kHz. At 3.6 and 8.0 kHz a distinct resonance is observed. The 
behaviour for 1.5 t o r r is intermediate. 
Before discussing these results a model is developed for the photo-acoustic 
signal generation. 
125 
Ір(ц ) гттт 1 1—Γ" - ι — Ι Ι Ι Ι Ι || 
-ι—ι ι ι ι ιι ι 
""Λ, ; χ 
й-'""" Tb)" 
(с) 
\ \ ) 
ч 
\ 
, 
d 
\ 
ι 
ι 
ι 
i 
кг 
ν (Hz) 
Figure 4: The photo-acoustic signal I is plotted against the modulation fre­
quency ν for pure COj gas at an ambient pressure of 100 torr (a), 1.5 torr f 6 ) 
and 0.3 torr (c). The straight line represents a ν dependence. 
4. MODEL 
The pressure variation induced by infrared absorption has been the object 
of many studies, see e g. Kreuzer [20] and Kamm [15] . The cell forms a cavity, 
with acoustic resonance frequencies 
fmnp = c / 2 t ( " m n / R > 2 + ( P / D 2 ] 1 7 2 (1) 
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w h e r e с is the sound v e l o c i t y ; R and L are t h e c a v i t y r a d i u s and l e n g t h ; m, η 
and ρ are the az imutha l , radial and l o n g i t u d i n a l mode n u m b e r s , r e s p e c t i v e l y ; 
one has 
α = nth zero of (dJ ( ira)/da) (2) 
mn m 
E q . (1) is v a l i d f o r an ideal c a v i t y . For o u r case, w i t h R = 18 mm and L = 8 mm, 
t h e resonance f r e q u e n c i e s below 10 kHz are f . ™ = 4.3 k H z , f - n ( 1 = 7.1 kHz and 
f n i 0 = 8.9 kHz (calculated f o r p u r e CO- gas w i t h a sound v e l o c i t y of 267 m / s ) . 
F i r s t we wi l l t r e a t t h e case where t h e modulat ion f r e q u e n c y , v , is much 
smaller than f-tnn- T h e n , f o r times of the o r d e r of t h e modulat ion p e r i o d , t h e 
p r e s s u r e is in e q u i l i b r i u m o v e r t h e e n t i r e cell vo lume. Th is we call t h e 
non-resonant o r zero-mode b e h a v i o u r . 
4.7. Non-resonant case 
T h e absorbed i n f r a r e d power, P ( t ) [ W a t t ] , is d e s c r i b e d b y 
P ( t ) = W L ( 1 / 2 • 1/2 coswt)o (3) 
w h e r e W. is t h e laser beam power, ν = ω/2τι is t h e modulat ion f r e q u e n c y and α is 
t h e absorbed f r a c t i o n of laser power. For low p r e s s u r e s , where t h e col l is ional 
b r o a d e n i n g is smaller t h a n t h e Doppler b r o a d e n i n g one has 
α = 1 - e x p ( - e . p . x ) (4) 
w h e r e 0 [m » t o r r ] is t h e absorpt ion s t r e n g t h and χ [m] is t h e a b s o r p t i o n 
l e n g t h . For h igh p r e s s u r e s , where t h e col l is ional b r o a d e n i n g is l a r g e r t h a n t h e 
Doppler b r o a d e n i n g β.ρ becomes constant and α can be approx imated b y : 
α = 1 - e x p ( - ß m . x ) (5) 
where β [m ] equals β.ρ and ρ a p p r o x i m a t e l y equals t h e p r e s s u r e w h e r e 
t h e col l is ional b r o a d e n i n g equals the Doppler b r o a d e n i n g . 
T h e absorbed i n f r a r e d radiat ion is t r a n s f e r r e d t o t r a n s l a t i o n a l e n e r g y , 
w i t h a re laxat ion t ime τ [ s ] : 
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τ = τ*/ρ (6) 
с с ^ 
where τ [s t o r r ] is the relaxation time for a pressure ρ = 1 t o r r i τ depends 
on the type of gas and the transition probed, and is called the vibration to 
translation (V-T) relaxation time. For simplicity we are ignoring here the V-V 
relaxation processes as a source of translational energy. 
The excited molecules can also be de-excited by wall-collisions. The thus 
transferred energy is lost for the photo-acoustic response. The associated re­
laxation time τ • is determined by diffusion and obeys: 
t d = Td* ρ (7) 
where τ . [s t o r r ] is the diffusion time for a pressure of 1 t o r r . For a cyl in­
drical cell and not too low pressures (p > 0 2 t o r r ) , according to Margotti et al 
[21] 
τ* = [(2.4/R)2 * U / U Y V D , (8) 
where D J IS the diffusion coefficient for excited molecules at 1 t o r r . From [21] 
3 2 - 1 we take: D . = 5.7 · 10 mm sec torr for CO«. The total relaxation time т of 
the vibrationally excited molecules becomes 
τ
 = V d ' t V ^ ( 9 ) 
The fraction of absorbed energy that is transferred into thermal energy is τ/τ . 
In a time interval dt' the system receives an amount PCt'Jdt' of vibrational 
energy; the rate R i ^ t ' ) at which thermal energy is generated, at time t , yields 
R f ^ t ' ) = 1/tc e x p H t - t ' V t l P í O d t ' for U t ' ( 1 0 ) 
and Rit,t') = 0 for t<t' 
This leads to a differential equation for K ( t ) , the deviation from the equi-
librium value of thermal energy, 
dK ( t ) / d t = j f R ( t , t ' ) d t ' - Κ/τ
Η
 (11) 
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where R(t , t ' ) is integrated over all times and where τ. represents the heat con­
duction to the wall. The heat conduction to the wall and the diffusion of excited 
molecules to the wall have the same or ig in. Therefore we write 
τ , = τ * .
Ρ
 (12) 
where τ. is the thermal conduction time at 1 t o r r . One can write 
t * = [ ( 2 . 4 / R ) 2 • ( r / L ) 2 ] " 1 / D h (13) 
where D. is the effective diffusion coefficient that can be deduced from viscosi-
3 2 - 1 t y measurements, D. = 9.0 · 10 mm sec t o r r [21] 
Substitution of eq. (3) into eq. (11) yields 
K(t) = (W La/2)(T/T c)Th 
• ( ν ν
ι
_ α / 2 ) ( τ / τ
ο
) [ 1 / ( 1 * ω 2 τ 2 ) 1 / 2 ] [ τ
Η
/ ( 1 * ω 2 τ 2 ) 1 / 2 ]
ε
ο 5 (
ω
ΐ - χ ) (14) 
with 
tgx = w(T+Th)/(1-u.2TTh) (15) 
For the phase difference this result is also obtained by Schuurmans [22]. 
The average change in temperature T ( t ) over the cell equals Κ(ί)/μΟ V, 
where μ is the mole density, V is the volume of the cell and С is the heat ca-
' ν 
pacity [J/mole.K] at constant volume. The change in pressure, p ( t ) , equals 
v R T ( t ) , where R is the gas constant. This leads to: 
p(t) = R K ( t ) / C v V (16) 
Thus the pressure change equals 
p(t) = ρ + ρ cos(u)t-x) (17) 
with 
ρ = ( W L a ( y - 1 ) / 2 V , ) ( T A c ) t h (18) 
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and 
p = ( W L a ( y - 1 ) / 2 V ) ( T / T c ) [ 1 / ( U U 2 T 2 ) 1 / 2 ] [ T h / ( 1 + « 2 T J ) 1 / 2 ] (19) 
where we have used: Ï = С /С and R = С -С . 
ρ ν Ρ ν 
The presented relation of T( t ) and K(t) is an average over the complete 
cell. In reality T ( t ) will be larger at positions where the laser beam is ab­
sorbed. This leads to an initially larger p(t) at those positions. But in the 
non-resonant case p( t ) reaches an equilibrium value over the complete cell on a 
time scale short compared to the modulation period. At positions where no laser 
radiation is absorbed the pressure change will be supplied by a changing densi­
t y . This temperature inhomogeneity has no effect on the final result of 
equations (18) and (19). 
The DC pressure, p, is due to the average power absorbed, and the f inite 
time τ. needed for dissipation. The larger τ. , the higher the average pressure 
rises. The modulated part, pcos(ut-x), is detected by the microphone. The total 
volume is denoted by V' (eq. (18)) whereas V (eq. (19)) is the volume of the 
cell that is accessible in times of the order of the modulation period. Compart­
ments connected by t iny channels to the main volume will not experience the 
pressure modulation for hiah frequencies. For lower frequencies those channels 
3 
can create Helmholtz resonances [32]. V is estimated to be 15 cm in our case. 2 2 1/2 The term (τ/τ ) [1/(1 *ш τ ) ] contains the influence of the relaxation of the 
excited molecules by wall collisions and molecular collisions, the term 
2 2 1/2 [τ . /(1+ω τ, ) ] the influence of the heat diffusion to the wall. 
4.2. Resonant case 
If the modulation frequency equals an acoustic resonance frequency, the 
pressure variations constructively interfere to form a standing wave. The reso­
nant pressure variations can become Q times as high as the non-resonant pres­
sure variations, where Q is the quality factor of the cavity, inversely 
proportional to the acoustical losses. These losses consist of wave scattering, 
volume damping, surface damping and a contribution due to the V-T relaxation 
[15] . Wave scattering introduces unknown, not negligible losses in our case. 
The volume damping can be ignored [23]. The surface damping has been calcu­
lated for purely radial modes (m=0, p=0). The associated Q is [15]: 
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Q = [d /L • (ï-1)d,(1/L • l /R) ] " 1 (20) 
sur L η λ J 
where d [mm] and d. [mm] give the thickness of the zones where energy ex­il A 
change between gas and resonator walls occurs due to viscosity, η, and thermal 
conductivity, \. The known expressions for d and d. [23] lead to: d =d ρ 5 
« - 1 * * 1 τ , λ η 1 1 
and d.=d.p with d =d =0.55 mm torr 2 for pure CO., gas and the first radial 
resonance at 8.9 kHz. The losses due to thermal conduction to the wall are in­
corporated in this surface loss contribution. The losses associated with the V-T 
relaxation assume a maximum where ωτ ~ 1. Near to this maximum it gives an 
с
 3 
important contribution to the total Q factor [23,24]. For ωτ » 1 (low pres­
sures) and ωτ « 1 (high pressures) the contribution is smaller. We neglect 
this contribution to the acoustical losses to avoid the rather complicated ex­
pressions for the associated Q-value. This does not change the principal conclu­
sions. 
Summarizing we take Q from eq. 20 to be the total Q. The real Q can 
3
 sur ^ 
only be smaller. In practice Q is determined from Δν, the full width at half max­
imum of the frequency response: Q = ν/Δν. 
For the pressure modulation one has (on resonance) from eq. (19) with 
ρ = (WLa(ï-1)/2V)(T/Tc)[1/(1+ iA2)1 /2ni/w]QG (21) 
where G is a geometrical factor, determined by the position where ρ is measured 
(the microphone position), by the position of the exciting laser beam and by the 
acoustic mode in question. The microphone will experience maximum modulation 
if placed at an anti-node, and the laser beam will optimally excite the acoustical 
mode if positioned at an anti-node. The optimum is G=1. Note, that this geomet­
rical factor appears only in the resonant case. Kamm [15] gives G for the first 
radial resonance; Koch et al [25] consider G for the first azimuthal resonance. 
The results obtained will be used in section 4 and 5. 
5. DISCUSSION OF RESULTS 
In the following analysis values are needed for the relaxation times τ , τ , 
* -3 c d 
and τ, . For the V-T relaxation times we use: τ =4.9*10 s.torr for pure CO-
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[ 9 ] , τ*=1.4·1θ" s. torr for pure N-0 [26] and τ*-10·1θ" s.torr for CO- diluted 
c
 *
c
 1 1 
in N- [27]. From eq. (8) and [21] we know τ .=1.0·10 s.torr for pure CO-
and N-O. From eq.(13) and [21] we derive: τ. =0.65·10~ s . t o r r " , for pure CO-
and N-O. From heat conduction and heat capacity data [28] we extrapolate 
* -3 -1 
τ. =0.3·10 s.torr for CO- diluted in air. To give an impression of how the 
different times vary with pressure, τ , τ ,, τ and τ, are shown in table 2 for 
pure N-0 and pressures of 0.01, 0 . 1 , 1.0, 10 and 100 t o r r . 
Table 2: V-T relaxation time, τ , diffusion time, τ ,, total excitation relaxation 
с a 
time, \, and heat diffusion time, χ, , given for a range of pressures 
ρ ( torr) 
0.01 
0.10 
1.0 
10 
100 
for pure NOj 
τ (msec) 
140 
14 
1.4 
0.14 
0.014 
τ . (msec) 
0.01 
0.10 
1.0 
10 
100 
τ (msec) 
0.01 
0.10 
0.58 
0.14 
0.014 
t, (msec) 
0.0065 
0.065 
0.65 
6.5 
65 
5.?. Comparing single to multi-pass performance, in the non-resonant case. 
For pressures higher than 8 t o r r and ω = 2ir.600 s , τ/τ = 1 , ωτ < 0.3 
and ωτ. > 15; therefore eq. (19) can be simplified (within 5% accuracy) 
ρ = W L (y-l)a/2V« (22) 
For high pressures (>20 t o r r ) a is described by eq. (5) with 0 =19 m , taking 
-1 -1 -1 -1 m 
β=0.96 m t o r r (twice 0.48 m t o r r - 1 because of a neighbouring line) and ρ = 
20 t o r r . For the multi-pass set-up one can put o=1, within b%. 
One would expect ρ to be pressure independent (eq.(22)) . It is observed, 
however, that the signal drops off with increasing pressure ( f i g . 2 and 3) due 
to the pressure dependent microphone response. 
The microphone signal, I , detected with the lock-in obeys 
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'ρ
 = S
-P (23) 
where S is the pressure dependent microphone sensitivity. For a detailed de­
scription of the pressure dependent microphone response S we refer to Zucker-
war [29] and Brühl and Kjär [30]. The microphone consists of a polarized thin 
foil stretched over a small volume of gas at ambient pressure. That volume of 
gas provides a spring-type force and a damping force to the system proportional 
to the ambient pressure. The foil itself produces another spring type force and 
possesses inertia. It depends on the precise values of the separate forces how 
much the deflection of the fo i l , and hence the sensit ivity, decreases with in-
creasing pressure. This information is not available for the microphone used. We 
have linearly extrapolated the high pressure data to low pressures to obtain a 
measure for S also in the low pressure region ( f i g . 2 and 3) . For N-0 the sen-
sit iv i ty decreases by a factor of 4 going from 1 tor r to 760 to r r . For other types 
of electret microphones this dependence of sensitivity on ambient pressure could 
be much weaker. The Brühl and Kjär type 4155 is specified for instance to in-
crease a factor 1.26 in sensitivity going from 1 bar to vacuum. 
In the single pass high pressure case (subscript s) one has χ = 0.05 m 
and (see eq.(5)) α = 0.62, in good agreement with 0.6, the measured fraction of 
the photo-acoustic signal occurring in the multi-pass case (a=1). 
For pressures lower than 8 torr the relaxation terms of eq.(19) can no lon­
ger be ignored. In addition, even in the multi-pass (subscript m) case, the 
fraction α becomes smaller than 1. We have calculated the response for low pres­
sures from eq. (19) using the known expressions for о (eq. ( 4 ) ) , τ (eq. (9)) 
and the known values for τ , τ . and τ. . This is the response relative to the ex­
trapolated o=1 maximum response of eq. (22). In eq. (4) we take χ = 0.05 m 
and χ = 1.0 m, respectively for the single- and multi-pass absorption length. 
χ is determined by cell dimensions; χ is the path length resulting from 26 
passes (section 2) inside the ring reflector. The calculated response is shown in 
f i g . 2. 
The measured value for the single-pass configuration is much smaller (up 
to a factor of 5) than the calculated value. This is partly due to the larger vol­
ume without reflecting r ing (15%) and the smaller diffusion time between window 
and reflecting region (20%). The larger discrepancy for low pressures is a t t r i ­
buted to not properly tuning the laser to the absorption frequency. The meas­
ured value for the multi-pass case is a bit higher than the calculated value 
(about 50% at the lowest pressures). This may be due to a somewhat faster re­
laxation time τ (40%) or a somewhat larger χ (50%) or a higher microphone 
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response than extrapolated. Conservatively we took χ - 1.0 m and hence a 
multi-pass gain factor of 26. 
5.2. Comparing different absorption strengths. 
In this section we consider only the multi-pass cell, suppressing the sub­
script m. 
For CO~ pressures larger than 30 t o r r ωτ < 0.5 and ωτ, » 1. In that pres­
sure region the pressure response is described by eq. (22). For pure CO-, α > 
0.9 if ρ > 0.5 t o r r ; further wt, > 3 if ρ > 1 t o r r . Therefore, the signal depends 
only on τ for pressures between 1 and 30 t o r r . From the difference between 
extrapolated maximum response and measured response we estimate: 
* -3 -3 
τ =1.0*10 s t o r r . This is much shorter than the l iterature value, 4.9*10 s 
t o r r , possibly due to water traces in the cell. The same discrepancy has been 
observed by Johnson et al [24] . The discrepancy may also be explained by V-V 
relaxation processes, releasing translational heat and having relaxation times 
smaller than the V-T relaxation time. The V-V deactivation of the v.+v., excita-
-1 -1 
tion at 3737 cm to the lowest v- vibrational excitation at 667 cm could con­
tr ibute considerably to the translational energy production. 
The high pressure signal for the CO-I mixture reaches the value of the 
pure CO- case. This is compatible with the calculated maximum absorption. A ρ 
of 20 t o r r leads to a p of 2.8 m and a=0.94. The CO-II mixture signal does 
m ζ 
not reach the maximum signal. Calculated is a maximum fraction o=0.03. Compar­
ing to the CO_l mixture signal (α=1.0), a=0.03 leads to a signal of I = 2.7 yV at 
600 t o r r for the CO-I I mixture. The observed signal is twice as large. The dis­
crepancy could be explained by an i-naccurately known ρ or a CO- concen­
tration in air that is larger than assumed in the estimate of 3. 
The ultimate sensitivity of the PAC in this experimental configuration can 
be estimated (from the CO-I I concentration of 300 ppm) to be 15 ppm/mW. 
At high ambient pressures it is possible to insert all parameters in eq. (22) 
and to calculate the pressure modulation ρ for a=1 and υ = 750 Hz, i.e. ρ = 
1.6*10 torr/mW for pure CO- and N-O gas. With a microphone sensitivity of 20 
mV/Pa, at 1 bar, this leads to a detectable lock-in signal, I = 15 uV/mW. (The 
sensitivity S (eq. (23)), corrected for the lock-in response, equals 7.1 mV/Pa). 
At 1 bar the observed signal for N-0 (corrected for the change of chopper f r e ­
quency) is 20% lower than this calculated value. The observed value for CO- at 
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1 bar is three times lower than calculated, possibly due to a Helmholz reso­
nance. 
The results above indicate a reasonable agreement between experiment and 
the simple model calculations. Mainly, badly known microphone characteristics 
stand in the way of an improved agreement with the experiment. Similar calcu­
lations were performed also by Farrow et al [31]. 
5.3. Frequency measurements 
For frequencies below 1 kHz we are in the non-resonant regime and can 
use eq. (19) for the photo-acoustic response. At high pressures one has ωτ « 1 
and ωτ, > > 1 ; eq. (19) reduces to eq. (22). The photo-acoustic signal should 
-1 
drop with ν as observed for 100 t o r r ( f i g . 4 ) . At low pressures and low f r e ­
quencies ωτ « 1 and ωτ, « 1 ; eq. (19) reduces to 
ρ = WL ( ï -1)oTh /2V (24) 
This frequency independent behaviour is roughly observed for 0.30 tor r . For 
intermediate pressures like 1.5 tor r we see a constant behaviour for low f re-
quencies changing into a ν behaviour for higher frequencies. At the turning 
point ωτ, = 1 holds. From the turning point at different low pressures (p < 1.5 
* -3 -1 
torr) we calculate: τ, =0.6·10 s t o r r for pure CO». This value for the heat 
diffusion time is in agreement with the value calculated from eq. (13), 
- 3 - 1 » 
0.65·10 s t o r r . For higher pressures the turn ing point leads to values of τ. 
-3 -1 
in the order of (0.2-0.3)10 s t o r r , due to the faster diffusion in the small 
size region between entrance window and reflecting r i n g , where about 70% of the 
power is absorbed (p > 20 t o r r ) . 
Although eqs. (22) and (24) represent special cases of the general solution 
(eq. (19)), the qualitative behaviour remains the same in-all cases. The relation 
for the turning point, ωτ, = 1, is also retained in all cases. 
For frequencies above 1 kHz one enters the regime of acoustic resonances. 
One can estimate the highest possible Q-values from eq. (20), Q(100 torr) ~ 
130, Q(1.5 t o r r ) ~ 16 and Q(0.3 t o r r ) ~ 7. Thus strong and sharp resonances 
are expected for 100 t o r r , and weak and broad resonances for 1.5 t o r r and 0.3 
t o r r . 
For 100 t o r r the f i r s t azimuthal resonance is observed at 4.3 kHz, with an 
effective Q-value of about 3. No radial resonance is observed at 8.9 kHz. The 
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discrepancy between the calculated and measured Q-values is caused by the ap-
proximations in the expression for Q (eq. (20), leading to an estimate for Q 
which is too h igh), and by the geometrical factor G in eq. (21), describing the 
photo-acoustic response. For the pure CO- gas used in this experiment 70% of 
the radiation is absorbed in the f i rs t centimeter of the absorption path, thus 
causing a highly ¡nhomogeneous illumination of the cavity and consequently a 
low G factor. 
There is a 1 cm absorption length between entrance window and reflecting 
r ing , where for 100 torr a large amount of power is absorbed. This permits oth-
er acoustic resonances. The most prominent one lies at 2.6 kHz with an effective 
Q-value of about 20. We have simulated this resonance frequency by applying a 
loudspeaker vibrating against the entrance window. The strongest resonance, 
detected at high pressures, lies at 2.5 kHz, with a Q-value larger than 25. This 
agrees with the observed photo-acoustic resonance. Low frequency Helmholtz 
resonances can be observed at 600 and 1200 Hz [32] . 
At 0.30 torr 60% of the radiation is absorbed in 0.70 m (19 passes), at 1.5 
tor r 60% is absorbed in 0.14 m (4 passes); the illumination is more homogeneous. 
In these cases the bottleneck for the occurrence of acoustical resonances is not 
the geometrical factor G, but the low Q-values expected. No acoustical reso-
nances are detected. Still prominent resonances are observed in both cases at 
3.6 and 8.0 kHz with Q-values of -20 for 1.5 tor r and -100 for 0.3 tor r . These 
resonances are microphone vacuum resonances [29,30,33]. The physical reason 
is the absence of damping at low pressures. The microphone sensitivity in-
creases with decreasing damping, i.e. with decreasing pressure, as indeed ob-
served. Microphone resonances occur for pressures lower than about 30 tor r . 
They are useful for very low pressure measurements where τ, may limit the al­
ready low response. Working at a resonance frequency can boost up the pho­
to-acoustic signal by a factor 100. (The noise will also increase, but with the 
square root). A possible application lies in saturated absorption Doppler free 
spectroscopy [ 2 ] . 
6. COMPARISON OF DIFFERENT CELL TYPES 
We have used expression (21) for the photo-acoustic response to investi­
gate the optimum cell design for longitudinally and transversely excited cells. A 
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longitudinal cell has been analyzed similarly by Kreuzer [20] and Rosengren 
[14]. 
The optimum design depends on the specific application. Doppler limited 
and sub-Doppler absorption measurements require low pressures. High sensi­
t iv i ty is needed for such spectroscopy of weak absorption bands. On the other 
hand trace analysis by PAD is mostly performed at high pressures. Therefore, 
we will study the optimum cell design for two cases: at about 1 t o r r and at 760 
t o r r . Also the non-resonant and the resonant case have to be studied separate­
ly. This leads to an optimalization of eight possible combinations of longitudinal­
ly excited or transversely excited cells, operating at low or high pressure in 
non-resonant or resonant fashion. The following parameters will be optimized: 
length L, radius R, modulation frequency ν and number of passes N. 
The calculations that lead to the optimum design are sensitive to the molec­
ular species involved, because altered values for τ , τ . and τ. give changed 
optimum parameters. We use the properties of a 3000 ppm mixture of CO- in air 
in our calculations. The low pressure absorption strength, 0, of this mixture is 
0.014 m t o r r . The high pressure absorption strength, β , ¡s approximately 
-1 m 
0.30 m . The absorption path length χ is L.N and 2R.N respectively for a long­
itudinally and transversely excited cell with N effective passes. For the cell vo-
2 
lume V = TTR L is taken, thus ignoring spurious volumes. We assume W. = 1 mW, 
* -3 * -3 -1 * -3 -1 L T =1.0*10 s t o r r , τ .=1.0·10 s torr and t . = 0.6*10 s t o r r . In all cases it 
c d η 
is better, from our analysis, to have ωτ. » 1, obtained by sufficiently in­
creased cell dimensions. In practice the requirement ωτ, > 2 puts the lower limit 
on the cell dimensions, in the low pressure case. Considering only weak ab­
sorptions the absorbed fraction α can be written as β. χ and β .χ for 1 t o r r and 
m 
760 t o r r , respectively. With these assumptions and eq. (21) 
ρ = W. ( ϊ-1)β Q/2irR2LU (25) 
L m 
for 760 t o r r , 
ρ = WL(Jr-1)0»Q/2iiR2LiA* (26) 
for 1 t o r r , where we have put G equal to 1, for simplicity. In the non-resonant 
regime Q is equal to 1 ; in the resonant regime Q is inserted for the f i r s t radial 
6 -1 
resonance (eq. (20)). The resonance frequency ω is equal to 10 /R s (R in 
mm). The photo-acoustic signal I follows from eq. (23). The sensitivity S is 
put equal to 7.1 mV/Pa, assumed to be frequency independent. 
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For the eight possible combinations the optimum cell design is found from 
studying the dependence on the variable parameters L, R, ν and N, in eqs. 
(25) and (26). For the optimum design the calculated photo-acoustic signal I is 
displayed in table 3, along with the parameters L, R, ν and N, the estimated 
noise and the calculated ultimate sensitivity F in ppm/mW (signal to noise ratio 
of 1). 
6.1. Longitudinally excited cells. 
6.1.1. The non resonant case at 760 Torr (eq. (25)) M 7 ) 
The signal is proportional to ν as is the noise for frequencies below 400 
Hz, in our case. The signal to noise ratio remains thus the same below 400 Hz. 
We chose ν = 300 Hz. The radius R should be small to minimize the cell volume. 
Practical considerations of beam focusing lead to R = 1 mm. The signal does not 
depend on L, but it is wise to make L large to decrease the influence of a spur i-
2 
ous volume. A spurious volume that is large relative to nR L renders a small R 
value useless. More than two passes will be di f f icul t due to the small R; we as­
sume N=2. 
6.1.2. The non-resonant case at 1 torr [eq. (26)) (/42) 
* -2 
As long as ыт > 2 the signal is proportional to ν . The noise is propor-
_ i c 
tional to ν , for frequencies below 400 Hz. A frequency below the point where 
ωτ = 1 garantees an optimal signal to noise ratio, because in that frequency 
c
 _•] 
region the signal also shows a ν dependence. We take ν = 150 Hz. The slower 
the V-T relaxation, the lower this frequency should be chosen. R should be 
minimized. The diffusion to the wall limits R to 10 mm (ωτϊ = 2). In this case 
the choice of R and ν are related. Choosing a lower frequency causes a larger 
R. The effects on the signal to noise ratio cancel. L should be made large to 
decrease the influence of a spurious volume. For the number of passes we as­
sume N=10 (a larger R makes a larger N possible). 
6.1.3. Resonant case at 760 torr (АЗ) 
The resonance frequency V(=U>/2IT) is directly related to R. The signal de­
creases with 1/VR. (beware that Q ( : ) R / I D ) . The noise is constant for the f r e -
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quencies involved and independent of the Q-value, if the internal microphone 
damping is sufficiently large, Goldan et al [16] . This is certainly the case for 
760 t o r r . A lower limit of R is 16 mm, otherwise the resonance falls outside the 
microphone frequency range. (The microphone will begin to contribute acoustic 
losses for a small R, too). To obtain the maximum number of passes we assume R 
= 30 mm, then N = 100 (limited by obtainable reflection losses). L should be lar­
ger than about 3R, otherwise L limits the Q-value (eq. (20)). The Q-value for 
this value of R is calculated to be about 3800. This is very high; V-T relaxa­
t ion, microphone losses and wave scattering will certainly lower the Q-value in 
reality (Goldan et al [16] state a Q of 766; Johnson et al [24] mention a Q of 
about 1000. These values belong to the highest attainable). 
6.1 A. Resonant case at 1 torr (.At] 
The signal increases with /R. We take a practical value of R = 100 mm. The 
corresponding Q-value is 480, again too high to be realistic. L should be larger 
than 3R. The number of passes N is 100. At this low pressure, the microphone 
damping is low. This leads to an increase of signal to noise ratio [16] , which is 
not considered here. 
6.2. Transversely excited cells. 
6.2.1. Non-resonant case at 760 torr [BT) 
As in A . I . we assume ν = 300 Hz. Small R and L minimize the volume. L is 
limited by the laser beam radius to 5 mm. The microphone dimensions limit R to 
about 10 mm. Also the number of passes drops off with R. We assume R = 20 mm 
yielding N = 100. 
6.2.2. Non-resonant case at 1 torr (S2) 
As in A.2. we take 150 Hz. Diffusion limits L to 14 mm. With a R of 20 mm 
one has N = 100. 
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6.2.3. Resonant case at 760 torn [B3) 
We t a k e L < R, so t h a t L determines the Q-value. In t h a t case t h e signal 
goes with 1//R. We assume R = 20 mm y i e l d i n g N = 100. T h e signal is i n d e p e n d ­
ent of L, b u t L must be smaller t h a n R = 20 mm and l a r g e r than 5 mm ( Bl ) . 
For L = 20 mm we calculate Q = 1230. 
6.2.4. Resonant case at 1 torr (Bf) 
T h e signal increases w i t h ^R and is i n d e p e n d e n t of L. We assume R = 100 
mm w i t h N = 100. L must be smaller than 100 mm. For L = 100 mm we calculate Q 
= 100. T h e Q-values f rom B3 and B4 are u n r e a l i s a t i c a l l y h i g h . 
Table 3: Calculated optimum design parameters L, R, ν and N for the eight con­
figurations together with the photo-acoustic signal I , noise and ulti­
mate sensitivity F. Each configuration is indicated by its section 
code. 
C o n f i g u ­
rat ion 
A l 
A2 
A3 
A4 
B1 
B2 
B3 
B4 
L 
(mm) 
large 
large 
>90 
>300 
5 
14 
20 
100 
R 
(mm) 
1 
10 
30 
100 
20 
20 
20 
100 
V 
(Hz) 
300 
150 
5300 
1600 
300 
150 
8000 
1600 
N 
2 
10 
100 
100 
100 
100 
100 
100 
'P 
(pV/mW) 
106 
0.31 
1253 
0.12 
106 
1.09 
1221 
0.11 
noise 
(vV) 
0.013 
0.027 
0.010 
0.010 
0.013 
0.027 
0.010 
0.010 
F 
(ppm/mW) 
0.37 
258 
0.024 
250 
0.37 
74 
0.025 
272 
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6.3. Conclusions front table 3. 
It is clear that the non-resonant operation is preferred for measurements 
at low pressures. Resonant operation does not yield higher sensitivity (compare 
A2 with A4 and B2 with B4 in table 3 ) . The general reason for this is the V-T 
relaxation term m eq. (26) for low pressure: Q cannot make up for the factor 
l/ωτ . However, operating at an acoustic resonance frequency that coincides 
with a microphone vacuum resonance could make the resonant regime interesting 
for low pressures. 
For measurements at high pressures resonant operation yields an order of 
magnitude higher sensitivity (compare Al with A3 and B1 with B3 in table 3) 
But m view of the unrealistically high Q-values used m the calculations, we ex­
pect that the gam of resonant operation over non-resonant operation will be 
smaller. The resonant cell has the disadvantage that for the high Q-values in­
volved the resonance frequency is very narrow and sensitive to pressure and 
temperature variations. Frequency locking is necessary. The non-resonant cell 
has the disadvantage that the outgassmg of the walls can cause problems in 
trace analysis due to the smaller volume to surface ratio. In the comparison of 
cells we have not dicussed the factor that limits sensitivity m many situations, 
namely the background noise due to e.g. scattering from cell windows. In reso­
nant cells this background noise is not necessarily amplified by a factor Q, and 
therefore effectively reduced Resonant cells are employed for that reason m 
overtone spectroscopy [35] We are not taking this argument into account. 
The longitudinally and transversely excited cell types have sensitivities of 
the same order of magnitude. The non-resonant transversely excited design has 
some advantage (factor 3) with respect to low pressure measurements (compare 
A2 with B2). Its larger volume makes it useful for trace analysis, due to small­
er outgassmg effect. 
The same transversely excited cell with f ixed dimensions can be operated 
non-resonant at low and high pressures and resonant at high pressures without 
losing much on optimum sensitivity. 
The longitudinally excited non-resonant cell is the design that pairs high 
sensitivity with straightforward application; i t does not need a multi-pass con­
f igurat ion. 
Of course there are various procedures to improve the sensitivity. One 
can use lower resonance frequencies; Koch et al [25] use the f i rs t azimuthal re­
sonance, Ioli et al [19] use the f i rst longitudinal resonance. For very low ab­
sorptions one may put the longitudinally excited cell inside the laser cavity 
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[35]. Other types of microphones can be employed. One could benefit from mi­
crophone resonances at low pressures. 
6.4. Literature data 
Kraft et al [34] have obtained the photo-acoustic response for a 
non-resonant and a resonant longitudinally excited cell experimentally. At 760 
t o r r CO- pressure the parameters for the non-resonant cell were L = 20 mm, R = 
2.5 mm, ν = 50 Hz and N = 1; the parameters for the resonant cell were: L = 100 
mm, R = 50 mm, ν = 3300 Hz ( f i rst radial resonance), N = 1 and Q = 470. The 
02 1 +• 00 0 transition of CO- is probed with a color center laser. The absorption 
strength is not given but we estimate that for high pressures the absorbed frac­
tion о will be between 0.5 and 1.0 and we assume α = 1 for simplicity. Applying 
eq. (25) (and setting β.χ = 1) we calculate 280 as the ratio of non-resonant sig­
nal to resonant signal. This is in reasonable agreement with the experimental ra­
tio of about 130. Taking into account the stated noise, the non-resonant design 
is more sensitive than the resonant design by about a factor 11. This f igure is 
somewhat misleading because of the high absorption strength of the probed 
transit ion. The resonant design does not benefit from its larger path length 
because α = 1 in both cases. Introducing a multi-pass geometry could make the 
resonant design more sensitive than the non-resonant design for weak absor­
bers. 
7. CONCLUSIONS 
In this paper the photo-acoustic detection properties of a transversely ex­
cited multi-pass cell are investigated experimentally. The multi-pass ring re­
flector is demonstrated to produce about 26 passes, a number which can still be 
improved on. A model has been presented which describes the results obtained 
over a wide range of cell pressures. It also gives a good description of the re­
sults over a wide range of modulation frequencies. 
This model has been employed to compare and optimize different cell types. 
The cell type is characterized as non-resonant or resonant and longitudinally or 
transversely excited. Calculations have been performed at low (1 t o r r ) and 
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high (760 t o r r ) cell pressures. Low pressures are needed for high resolution 
spectroscopy, high pressures for low resolution spectra and trace analysis. For 
low pressure measurements a non-resonant design is superior over a resonant 
design. For high pressure measurements the most straightforward solution is 
the non-resonant design which can be as sensitive as the resonant design. For 
trace analysis, however, the resonant design may be preferred due to smaller 
outgassing. 
In general, the sensitivity of the transversely excited cell is comparable 
with the sensitivity of the longitudinally excited cell. For a non-resonant cell 
working in the high pressure regime, a longitudinal cell may be preferred be-
cause it does not need a multi-pass system. 
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TITEL EN SAMENVATTING 
RELAXATIE EN SPECTROSCOPIE IN JET EN BULK 
DOOR MIDDEL VAN INFRAROOD SPECTROSCOPIE 
Infrarood spectroscopie levert informatie over de eigenschappen van mole­
culen. Een molecuul absorbeert infrarood (laser) straling bij frequenties die 
corresponderen met bepaalde vibratie- en rotatie energienivo's van het mole­
cuul. Men streeft naar frequentiemetingen met zo groot mogelijke nauwkeu­
righeid; deze nauwkeurigheid wordt beperkt door de lijnbreedte van de gemeten 
absorptielijnen. In het geval van absorptiemetingen in bulk (gas in rust) wordt 
de lijnbreedte beperkt door de Dopplerverbreding, het gevolg van de ther­
mische beweging van de moleculen. 
Een jet is een adiabatische expansie van gas uit een gat (nozzle) in het 
vacuum. Het gas koelt af tijdens de expansie; typisch van 300 K, kamertempera­
t u u r , naar 30 K. Dit maakt de jet interessant voor spectroscopie, omdat het ab-
sorptiespectrum aanzienlijk eenvoudiger is bij lage temperatuur. Echter bij 
gebruik van een ronde nozzle is de lijnbreedte groter dan de Dopplerbreedte; 
dit wordt verklaard in hoofdstuk I I . In hoofdstuk III wordt beschreven hoe met 
een spleetnozzle lijnbreedtes smaller dan de Dopplerbreedte worden verkregen. 
In vergelijking met de ronde nozzle jet biedt de spleet nozzle jet een tien maal 
hogere frequentienauwkeurigheid. 
Een andere spectroscopische toepassing van de jet is gebaseerd op de aan­
wezigheid van clusters; dat zijn zwakgebonden groepjes moleculen. De absorptie 
door clusters in de jet is gemeten voor een CO_-expansie, hoofdstuk I I I . 
Onze infrarood laser is een color-center laser, die straling genereert met 
een continu verstembare golflengte tussen 2.3 μπι en 3.4 ym. In dit golflengte­
gebied bevinden zich veel zogenaamde combinatie en overtone absorptiebanden, 
waarvan nog geen Doppler-gelimiteerde spectra bekend zi jn. Om deze zwakke 
absorpties te meten is een foto-akoestische cel ontworpen, die een klein volume 
combineert met een lange absorptieweglengte. Deze cel wordt in hoofdstuk VI 
beschreven en vergeleken met andere foto-akoestische cellen. 
Molekülen bezitten v ibrat ie- , rotatie- en translatie-energie (ofwel 
t r i l l ings- , draaiings- en bewegingsenergie). Gedurende een botsing tussen twee 
moleculen kan er energie uitwisseling en omzetting plaatsvinden. De waar-
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schijnlijkheid van zo'n proces wordt bepaald door middel van relaxatiemetingen; 
men brengt een verstoring van het evenwicht aan en kijkt hoe snel het even­
wicht zich herstelt ( r e l a x e e r t ) als gevolg van botsingen. 
In ons experiment verzorgt een CO--laser de verstoring; moleculen worden 
aangeslagen naar een hoger gelegen vibratienivo. Uit de color-center laser ab­
sorptie wordt de verdeling van de moleculen over de verschillende v ibrat ie- en 
rotatienivo's bepaald. De relaxatie van het aangeslagen nivo naar andere 
vibratie- en rotatienivo's is meetbaar indien er een variabel ti jdsverschil bestaat 
tussen verstoring van het evenwicht en bekijken van de gerelaxeerde ver­
storing. Dit wordt bereikt door het gebruik van een jet; de moleculen in de jet 
bezitten een gemeenschappelijke stroomsnelheid en door de gebieden van aan­
slaan (CO- laser) en bekijken (color-center laser) ruimtelijk te scheiden wordt 
dit tijdsverschil ingebouwd. 
In hoofdstuk V worden door middel van deze vluchttijdmethode vibratie en 
rotatie relaxatietijden voor NH_ bepaald in een Nl-U-expansie. Zelfs de zeer 
snelle inversierelaxatie is meetbaar met deze methode. Een voordeel van het ge­
bruik van een jet is dat lage temperaturen bereikt kunnen worden gecombineerd 
met relatief hoge dichtheden; deze omstandigheden zijn in bulk niet te realiseren 
vanwege de dampdrukbegrenzing. Hoofdstuk IV maakt hiervan gebruik; de 
vibratieoverdracht tussen C _ H . en CO* moleculen wordt gemeten over het tem-
peratuurgebied van 30 К to 160 К. Dit lage temperatuurgebied levert een inte­
ressante temperatuurafhankelijkheid op; de overdracht wordt veel 
waarschijnlijker voor lage temperaturen. 
De jet biedt goede en nieuwe mogelijkheden voor infraroodspectroscopie en 
voor bestudering van relaxatieverschijnselen. 
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STELLINGEN 
7. 
Vibratie frequentiewaarden uit het gerenommeerde standaardwerk van Herzberg 
worden vaak onzorgvuldig en te gemakkelijk aangehaald in recente publicaties. 
(C. Herzberg, "Infrared and Raman spectra", van Nostrand Reinhold Company 
1915; Т.Е. Cough, R.E. Miller and C. Scoles, J. Phys. Chem. 85 [1981) lOtl) 
2. 
Bij moleculaire bundels uiten zich condensatieverschijnselen bijvoorbeeld door 
een verhoging van de rotatietemperatuur; hiernaast dienen vibrationeie 
relaxatie-effecten, die geli jkti jdig met condensatie optreden en ook energie v r i j ­
maken, mede in beschouwing te worden genomen. 
[dit proefschrift) 
3. 
Het isotopenscheidend vermogen van distillatie van adsorbaten wordt groter 
voor lagere temperaturen. 
4. 
De conclusie van Glownia et al, dat geen botsingsovergang tussen ortho en para 
NH- molekulen plaatsvindt, kan niet stoelen op hun metingen gezien hun expe­
rimentele nauwkeurigheid. 
U-H. Glownia, S.J. Riley, S.D. Colson and C.C. Nieman, J. Chem. Phys. 72 
(1980) 5998) 
5. 
Het aantal ontwerpen van foto-akoestische cellen benadert het aantal onderzoe­
kers. 
6. 
Ofschoon er reeds veel vibratie-rotatie/translatie relaxatie onderzoekingen ver­
richt werden, is er nog lang niet voldoende empirisch materiaal aanwezig om tot 
een systematische beschijving te kunnen komen, om nog maar te zwijgen over 
een theoretische aanpak. 
[dit proefschrift) 
7. 
De door Miller beschreven detectie van infrarood absorptie m een molecuulbun-
del door middel van een pyro-electrische detector, is beperkt tot molekulen met 
een lange verbl i j f t i jd op het detectoroppervlak ofwel met een grote plakkans, 
zoals HF. 
(R. Miller, Rev. Sc!. Instrum. 53 [1982) 1719) 
S. 
In tegenstelling tot de grote hoeveelheid theoretisch werk op het gebied van 
met-thermische infrarood fotodesorptie is er geen of twijfelachtig experimenteel 
werk 
(F .C . Celti, M.P. Casassa and K.C. Janda, Surface Science IUI (,1984] 169; 
J. Heidberg, H. Stein and E. Riehl, Surface Science 126 (.1983) 183) 
9. 
Het gevaar van laserstraling wordt regelmatig overschat. 
10. 
Het streven naar een doorsnee van de samenleving in de groep dienstplichtigen 
wordt ondermijnd door uit- en afstelregelmgen. 
11. 
Aangenomen sollicitanten zi jn, in frappante tegenstelling tot afgewezen sollici-
tanten, weinig nieuwsgierig naar de gebruikte argumenten. 
12. 
De rond dertigjarige leeftijd door menigeen ervaren geboortegolf is zelden sta-
tistisch onderbouwd. 
Kees Veeken 
Nijmegen, 27 juni 1985 
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